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Bibliografische Beschreibung 
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Technische Universität Chemnitz 
Dissertation (in englischer Sprache), 2017 
Die große Vielfalt an organischen Komplexen, kombiniert mit der Möglichkeit, die 
chemische Reaktivität und den elektronischen Grundzustand unterschiedlicher Komplexe 
innerhalb derselben Molekülfamilie abzustimmen, machen solche Materialien für 
elektronische Anwendungen attraktiv. Auf Grund ihrer langen Spin-Lebensdauer sind 
Moleküle auch für Spintronik-Anwendungen sehr geeignet. 
In dieser Arbeit werden die Grenzflächen zwischen organischen Halbleitern und 
Metallen sowie zwei organischen Halbleitern durch spektroskopische Techniken untersucht. 
Das erste Kapitel beinhaltet eine allgemeine Einführung zu organischen Halbleitern und 
Eigenschaften von Grenzflächen. Im experimentellen Teil werden die untersuchten Moleküle 
und verwendeten Messmethoden detailliert vorgestellt. Der dritte Teil dieser Arbeit zeigt die 
Auswirkung verschiedener Substrate (Co und Ni) oder Molekülkombinationen (CoPc und 
FePc) auf die Wechselwirkungs- und Ladungsübertragungskanäle. In dem nachfolgenden Teil 
werden elektronische Zustände und Wechselwirkungen an Organik-Organik Grenzflächen am 
Beispiel von VOPc/F16CuPc und F16CoPc/rubren diskutiert. Der letzte Teil dieser Arbeit zeigt, 
wie die Eigenschaften der Substrate und die Modifikation der Moleküle die molekulare 
Orientierung beeinflussen können. 
Schlagwörter: 
Organische Moleküle, Organik-Metall Grenzflächen, Organik-Organik Grenzflächen, 
Energieniveau-Angleichung, Hybridisierungszustand, molekulare Orientierung, 
Photoemissionsspektroskopie, inverse Photoemissionsspektroskopie, Röntgen-Nahkanten-
Absorptions-Spektroskopie. 
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1. Introduction 
The topic of this work is the properties of organic-metal and organic-organic 
interfaces with a focus on phthalocyanine (Pc) molecules and ferromagnetic (FM) substrates. 
The main characterization techniques used in this work are photoemission, inverse 
photoemission, and X-ray absorption spectroscopies, the basics of these methods as well as 
the description of particular configurations of the experiment and setups will be presented 
in chapter 2. The results obtained in this work are presented in three chapters. Chapter 3 is 
devoted to exploring the electronic properties of interfaces of several Pc/metal systems, 
showing the key role of substrates and central metal atom of Pc molecules. In chapter 4, we 
will show that by choosing the appropriate combination of two organic molecules, significant 
improvement of the device performances can be achieved. Last, in chapter 5, the factors 
influencing the molecular orientation will be discussed. Before going to detailed discussion 
of the original results in this work, we first give an introduction regarding the general 
concepts and basic theoretical background of the investigated systems and phenomena, 
namely organic semiconductors, electronic states of molecular solids, physics of interfaces, 
the organic-metal and organic-organic interfaces, molecular orientation, as well as 
spectroscopic techniques used. 
1.1 Organic Semiconductors 
The field of organic electronics has already matured to commercialization. Organic 
semiconductors (OSC) have a number of attractive properties that have led to various 
applications, such as organic light-emitting diodes (OLEDs), organic field-effect transistors 
(OFETs), organic photovoltaic cells (OPVCs), and spintronic devices [1-4]. The nature of 
bonding in organic semiconductors is fundamentally different from their inorganic 
counterparts. Organic molecular solids are Van-der-Waals-bonded implying a considerably 
weaker intermolecular bonding as compared to covalently bonded semiconductors like Si or 
GaAs. The most important consequence is a much weaker delocalization of electronic wave 
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functions amongst neighboring molecules, which has direct implications for optical 
properties and charge carrier transport [5]. For organic semiconductors, the molecular 
orbitals (MOs) are contributed from a great number of atoms within the molecule. This 
results in the specific orientation of molecules which will further influence the electronic 
coupling between these MOs and change the efficiency of charge transfer from one 
molecule to another as well as influence the transition dipole moment and therefore 
absorbance and emission strength and wavelength [6]. The electronic properties of a 
molecule depend on factors like the conjugation length or the presence of electron donating 
or withdrawing groups. Thus the large variety of organic complexes, combined with the 
possibility of tuning the chemical reactivity and electronic ground state of molecules, make 
such systems increasingly attractive for applications. 
1.2 Electronic states of Molecular Solids 
Any solid contains a large number of atomic nuclei and electrons, where the 
behaviour of electrons determine mostly the properties of solids. Thus the electronic 
structure of the organic semiconductor is of critical importance to unravel electrical 
conduction in organic devices [7]. 
From the theoretical point of view, the behavior of a system of N electrons in solid 
can be predicted by many-body Schrödinger equation: 
where 𝛹(𝑟1, 𝑟2, ⋯ , 𝑟𝑁) is the many-body electron wave function. It is antisymmetric in order 
to satisfy the Fermi statistics of electrons. The Hamiltonian is given by the equation: 
where the first term in the Hamiltonian describes the kinetic energy of the system, 𝑉𝑒𝑥𝑡 
describes the Coulomb interaction between the electrons and a given configuration of nuclei 
and the last term gives the electron-electron Coulomb interaction. This equation neglects 
?̂?𝛹 = 𝐸𝛹 (1.1) 
?̂? = −
ħ2
2𝑚
∑∇𝑟𝑖
2
𝑖
+ 𝑉𝑒𝑥𝑡({𝑟𝑖}) + ∑
𝑒2
|𝑟𝑖 − 𝑟𝑗|𝑖≠𝑗
 (1.2) 
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the complicated effects of interaction between electrons. Hartree introduced the 
approximation of the many-electron wave function by a product of single particle wave 
functions [8]: 
where each of the single electron wave functions is satisfying a one-electron Schrödinger 
equation: 
where 𝑉𝐻
(𝑖) is the Hartree potential of the i-th electron and is given by the expression: 
and the density 𝜌 is given by: 
with the sum over the N lowest one-electron energy states. In addition, the wave function 
must be antisymmetric under the exchange of any two electrons because the electrons are 
fermions. The Hartree-Fock approximation leads to an additional, non-local exchange term 
in the Schrödinger equation, replacing the product wave function by a single determinantal 
wave function [9]: 
which is an antisymmetrized product of the one-electron wave functions. Besides, the 
electron-electron interactions cause additional energy called correlation energy. As an 
𝛹(𝑟1, 𝑟2, ⋯ , 𝑟𝑁) = 𝛹1(𝑟1) ∙ 𝛹2(𝑟2)⋯𝛹𝑁(𝑟𝑁) (1.3) 
[−
ħ2
2𝑚
∇2 + 𝑉𝑒𝑥𝑡 + 𝑉𝐻
(𝑖)]𝛹𝑖(𝑟) = 𝜀𝑖𝛹𝑖(𝑟) (1.4) 
𝑉𝐻
(𝑖) = 𝑒2 ∫
𝜌(𝑖)(𝑟′)𝑑3𝑟′
|𝑟′ − 𝑟|
 (1.5) 
𝜌(𝑖)(𝑟) = ∑|𝛹𝑗(𝑟)|
2
𝑁
𝑗=1
𝑖≠𝑗
 (1.6) 
[−
ħ2
2𝑚
∇2 + 𝑉𝑒𝑥𝑡 + 𝑉𝐻
(𝑖)]𝛹𝑖(𝑟) + ∫𝑉𝑥 (𝑟, 𝑟
′)𝛹𝑖(𝑟
′)𝑑3𝑟′ = 𝜀𝑖𝛹𝑖(𝑟) (1.7) 
𝛹(𝑟1, 𝑟2, ⋯ , 𝑟𝑁) =
1
√𝑁!
𝑑𝑒𝑡[𝛹1(𝑟1) ∙ 𝛹2(𝑟2)⋯𝛹𝑁(𝑟𝑁)] (1.8) 
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electron moves, the other electrons "feel" its Coulomb potential, experience a force field 
and move in response [10]. 
For a better understanding, the formation of electronic levels in a single molecule 
and in a molecular solid is displayed in Figure 1.2.1. Figure 1.2.1 (a) schematically shows the 
electronic structure of a polyatomic molecule, where the molecule consists of three atoms. 
The potential well is formed by the Coulombic potential of each atomic nucleus. The 
effective potential well of the molecule for an electron is formed by the atomic nuclei and 
other electrons. The deep atomic orbitals (the core levels) are still localized in atomic wells, 
and thus have the feature of those in atomic orbitals due to the very high potential barrier 
between atoms. The upper atomic orbitals interact and form the localized σ and delocalized 
π molecular orbitals. Each MO level is occupied by two electrons with spin up and down, 
respectively. The topmost horizontal part of the potential well is the vacuum level (Ev), at 
which an electron is considered outside the molecule with zero kinetic energy. The energy 
 
Figure 1.2.1 Evolution of electronic structure from a single molecule (a) to molecular solid (b). Ev: 
vacuum level, EF: Fermi level, EAg: electron affinity of gas phase, EAs: electron affinity of solid, IPg: 
ionization potential of gas phase, IPs: ionization energy of solid, P
-: polarization energy for negative 
ion in solid, P+: polarization energy for positive ion in solid, Et: transport band gap. After Nobuo Ueno 
[11]. 
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separations from the highest occupied molecular orbital (HOMO) and the lowest unoccupied 
molecular orbital (LUMO) to Ev are defined as the gas-phase ionization potential (IPg) and the 
electron affinity (EAg) of the molecule, respectively. When molecules come together to form 
a molecular solid, the electronic structure gets modified, as shown in Figure 1.2.1 (b), where 
IPg and EAg become the ionization potential (IPs) and the electron affinity (EAs) of the solid, 
respectively. The difference in energy between IPs and EAs is defined as transport band gap 
(Et). The different value of IP or EA from state to state is due to the physics of charged 
excitation and transport in organic molecular solids, which is dominated by localization and 
polarization phenomena. Because of the low dielectric constant of organic materials, the 
electronic polarization has a significant impact on the energy level of the transport states 
[12]. 
When a hole (electron) is introduced into HOMO (LUMO) of the solid, the electronic 
polarization of the molecules surrounding the ionized molecule stabilizes the ion by 
screening effects, leading to a lowering of IP and an increase in EA from those in the gas 
phase, as shown in Figure 1.2.1 (a) and (b). As the polarization effect may be different for the 
hole (cation) and the electron (anion) because a molecular solid is not complete continuum 
medium, there are two polarization energies P+ and P- for the hole and the electron, 
respectively [13]. Therefore, we can write: 
This relation can be understood by considering the case of photoionization of a 
molecule and a molecular solid. The potential energy of an electron in attractive force field 
of the ion is 𝑈 = 𝑒2 4𝜋𝜀𝑜⁄ 𝑟 in vacuum, where 𝜀𝑜  is the vacuum permittivity, and 𝑈 =
𝑒2 4𝜋𝜀𝑟⁄  in the solid with the permittivity 𝜀 that reflects screening of the ion by surrounding 
molecules, where the molecules are polarized as shown in Figure 1.2.2. Ultraviolet 
photoemission spectroscopy (UPS) of organic thin films gives IPs that is smaller by P
+ than IPg, 
and inverse photoemission spectroscopy (IPES) provides, EAs larger by P
- than EAg, 
respectively. 
𝐼𝑃𝑠 = 𝐼𝑃𝑔 − 𝑃
+, 𝐸𝐴𝑠 = 𝐸𝐴𝑠 + 𝑃
− (1.9) 
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1.3 Physics of Interfaces 
When an organic semiconductor gets in contact with the surface of another material, 
a variety of interactions process may take place. The adsorption of atoms or molecules onto 
a solid substrate changes the electronic structure of the system. The adsorbates bond to the 
surface either via a physical interaction (physisorption) or a chemical interaction 
(chemisorption). Physisorption is a weak interaction, mediated via long-range Van der Waals 
forces. This is one extreme situation at the interface when no significant interaction occurs 
and both materials retain their intrinsic properties. Another extreme situation is 
chemisorption, where a strong chemical reaction in which bonds are broken or formed and 
the chemical structure of the interface differs from either of the two initial materials. In 
between these two extreme situations are interactions including partial charge transfer 
through covalent organic-substrate bonds, integer charge transfer through tunneling across 
the organic/substrate interface, the polarization of the electron density of the organic 
 
Figure 1.2.2 Screening effects in an organic semiconductor film and in a gas-phase molecule. U is the 
potential of the photo-generated hole acting on the photoelectron. After Nobuo Ueno [11]. 
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material due to the image charge on the substrate surface, adsorption-induced order or 
disorder, etc [14]. 
1.4 Organic-Metal Interfaces 
For the organic-metal 
interfaces, we start with the basic 
concepts of the electronic structure of 
metal and organic semiconductor 
(Figure 1.4.1 (a)). For a metal, the 
highest occupied level is its Fermi level 
(EF) and the energy required to 
remove this electron to the vacuum 
level (Evac) is called work function (ΦM). 
This is also the lowest energy needed 
to add an electron to an empty orbital. 
When the Fermi level stays closer to 
HOMO, it is called p-type 
semiconductor which is favorable for 
hole conduction. When the Fermi level 
stays closer to LUMO, it is called n-
type semiconductor which is favorable 
for electron conduction. Several 
possible heterojunction energy level 
alignments may occur when a metal 
and an organic semiconductor are 
brought into contact. We start with a simple model where no chemical interaction is 
expected. When the contact is made, equilibrium dictates that charge flows from one 
material to the other until the Fermi levels align without chemical interactions. There are 
 
Figure 1.4.1 Formation of an organic-metal contact. (a) 
The nonequilibrium situation before contact. (b) The 
extreme case in which the equilibrium is 
accommodated by the formation of an interfacial 
dipole. (c) The extreme case in which the vacuum levels 
align at the interface and the equilibrium is 
accommodated across a charged depletion zone. (d) 
Same as the case (b) but the image charge screen effect 
from the metallic substrate is included. (after [15]) 
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two extreme cases to consider, depending on whether the charge forms an interfacial dipole 
(Figure 1.4.1 (b)), or the transferred charge yields the Schottky-Mott rule which makes the 
vacuum levels align and causes band bending (Figure 1.4.1 (c)). When the substrate is a 
metal it is necessary to take into account the image potential, which reduces the transport 
band gap at the interface (Figure 1.4.1 (d)). This will make the analysis of experimental data 
more difficult [15]. The interface between organic semiconductor and metal is crucial for 
organic devices as the electron or hole injection barriers can be drastically different when 
the interaction between organic semiconductor and metal, and this will further influence the 
performance of the devices. 
1.5 Organic-Organic Interfaces 
When an organic layer is brought into contact with another organic semiconductor, 
the “band bending” behaviour in the organic layer is expected. Band bending is 
characterized as both HOMO and LUMO are shifted by the same amount in the same 
direction (IE and EA so as Et remain constant). The concept of band bending in organic layers 
is a term somewhat liberally borrowed from inorganic semiconductor physics despite the 
fundamental difference that, instead of actual bands there, a distribution of localized states 
is assumed here [16]. Depending on the work function and conductivity type, the organic 
semiconductor heterojunctions can be classified into four categories, as proposed from Ref 
[17], displayed in Figure 1.5.1. 
If the work function of the p-type semiconductor is greater than that of the n-type 
semiconductor (Φp ˃ Φn), depletion layers of electrons and holes are present on either side 
of the heterojunction, and the space-charge region is composed of immobile negative and 
positive ions, which will result in high resistance for the heterojunction (Figure 1.5.1 (a)). 
Most inorganic heterojunctions belong to this class, including conventional p-n 
homojunction. If the two semiconductors have the same type of conductivity, then the 
junction is called an isotype heterojunction; otherwise, it is known as anisotype 
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heterojunction, where electrons and holes can be simultaneously accumulated and depleted 
on both sides. 
If the work function of p-type 
semiconductor is smaller than that of 
the n-type semiconductor (Φp ˂ Φn), the 
space-charge region consists of the 
induced free charges on either side of 
the heterojunction. This is referred to as 
an accumulation heterojunction, as 
shown in Figure 1.5.1 (b). CuPc/F16CuPc 
(copper hexahecafluoro-phthalocyanine) 
belongs to this class and high 
conductivity was achieved due to 
mobile carriers in the space-charge 
region [18]. The formation of an 
accumulation heterojunction must meet 
the condition Φp ˂ Φn based on the 
Anderson affinity rule, such that [19]: 
Where 𝐸𝐴𝑛  and 𝐸𝐴𝑝  are the electron 
affinities of n-type and p-type 
semiconductors, respectively. 𝐸𝑡,𝑝 is the 
transport band gap of p-type semiconductor, 𝛿𝑛 and 𝛿𝑝 are the distances between the Fermi 
level and the valence band for p-type, conduction band for n-type semiconductors. It is 
impossible for a homojunction to meet the conditions of equation (1.10) because the 
electron affinities are identical (𝐸𝐴𝑛 = 𝐸𝐴𝑝). 
 
Figure 1.5.1 Four types of semiconductor 
heterojunctions, classified by work function and 
conductivity type [17]. 
𝐸𝐴𝑛 − 𝐸𝐴𝑝 > 𝐸𝑡,𝑝 − (𝛿𝑛 + 𝛿𝑝) (1.10) 
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For n-n isotype heterojunctions comprising two n-type semiconductors with different 
work functions, assuming Φn1 < Φn2, the semiconductor layer with Φn1 is the electron 
depletion region, and the semiconductor layer with Φn2 is the electron accumulation region. 
This heterojunction is known as an electron accumulation/depletion heterojunction, as 
shown in Figure 1.5.1 (c). 
For p-p isotype heterojunctions (Φp1 < Φp2), holes are depleted on the side containing 
the semiconductor with Φp2 and are accumulated on the side containing the semiconductor 
with Φp1. This is referred to as a hole-accumulation/depletion heterojunction (Figure 1.5.1 
(d)). 
1.6 Hybrid Interface State 
Hybrid interface state (HIS) refers to the mixing atomic orbitals into new hybrid 
orbitals, which have been widely investigated through organic-metal interfaces by 
photoemission spectroscopy [4, 20-23]. Normally, the HIS goes with charge transfer at the 
interface and the states of the molecules or substrates are hence (partially) filled, forming a 
new bond. When HIS forms at the interface, the hybrid state will be visible in UPS spectra, 
and a new spectroscopic feature appears at the interface near the Fermi edge [4, 20-25]. 
The interfaces between OSC with FM substrates, such as those investigated in this 
work, are considered to be particularly promising for spintronic applications due to very long 
spin-relaxation times in OSC [26, 27]. Figure 1.6.1 illustrates a pictorial model of FM-OSC 
interfaces (adapted from Ref. [4]). For the effective electrical charge injection in a real 
organic device, the injection barrier denoted as Φp and Φn (Figure 1.6.1 (a)), must be 
overcome. Thus one can apply a bias voltage of the magnitude which will shift the 
HOMO/LUMO to EF, forming an ohmic-like contact and enabling charge injection at the 
interface, but not necessarily a spin-polarized injection (Figure 1.6.1 (b)). This is due to the 
so-called conductance mismatch problem, which was originally developed for inorganic 
semiconductors in contact with metallic ferromagnets [28]. One possibility to solve this 
dilemma is by inserting an additional tunneling barrier as a spin selective resistance, acting 
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as a spin filter (Figure 1.6.1 (c)). On account of the spin dependent high resistance of such a 
tunnel barrier, it is possible that spin-polarized electrons injected into the OSC at the 
interface lose their spin information by returning back into the FM. As a matter of fact, the 
successful spin injection in organic spin valves was reported without using a tunneling 
barrier [29]. 
The exceptional nature of OSC molecules and their manifold binding mechanisms 
obviously complicate the spin selective properties at the OSC/FM interface. Conversely, 
exactly this manifold of binding mechanisms, not available in pure inorganic devices, opens 
up possibilities to tailor the spin injection in a novel way. The approach of utilizing HIS thus 
has been introduced for spin injection (Figure 1.6.1 (d)). The HIS are formed from the 
formerly pure molecular levels and electronic states of the metal by chemical interaction. 
This modification at the interface results in a different density of state (DOS) broadening 
(depending on the strength of the hybridization) of the intrinsic levels and, importantly, spin 
splitting. These effects can create spin dependent channels at EF in the first monolayer of the 
OSC itself, act as a spin filter, as shown in Figure 1.6.1 (d). For an optimized spin injection 
 
Figure 1.6.1 Pictorial model of the energy level alignment and DOS at the FM-OSC interfaces. a) 
Injection barrier formed at an idealized interface between a ferromagnetic metal (FM) substrate and 
an organic semiconductor (OSC) without any chemical interaction and dipole effects. b) By applying a 
bias voltage. c) Tunneling barrier approach. d) Hybrid interface states (HIS) approach [4].  
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into a subsequent layer of such an FM-OSC device, one can choose another OSC with an 
electron affinity near work function of OSC-FM interface to couple with HIS in a spin 
conserving way. In such case resonant tunneling (rt) could occur which can conserve the spin 
polarization also in the second and subsequent layers of the organic/metallic device (Figure 
1.6.1 (d)). Hence, HIS offers a strategy to the spin-polarized DOS at EF in combination with 
appropriate molecules to engineer the spin injection efficiency at the FM-OSC interface. 
1.7 Molecular Orientation  
In addition to energy level alignment, charge transfer, hybrid interface states, and 
polarization effects, another important interface property that influences the device 
performance is the molecular orientation [30]. The molecular orientation is especially 
important for π-conjugated planar molecules, as the orientation will influence the efficiency 
of current flow. The most efficient current flow in a molecular film occurs along the direction 
of the stacked π bonds because the π conjugation guarantees delocalization and thus 
considerable electron mobility, as shown in Figure 1.7.1 [31] [32]. 
 
Figure 1.7.1 (a) The schematic view of π orbital represented by the ellipse. (b) The assembly of 
ordered molecules viewed along their ring planes. The directions with the more and less efficient 
charge carrier transport are shown. 
Therefore, different organic electronic devices may have opposing requirements on 
the preferred molecular orientation. For example, in OLED where the current flow is 
essentially normal to the organic layer, a vertical π-π stacking (lying configuration) of 
conjugated molecules is highly desirable. In OFET, however, the π-stacking direction parallel 
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to the gate dielectric (upright configuration) facilitates efficient charge transport along the 
channel due to decreased charge-hopping distances and enhanced π-orbital overlapping 
(Figure 1.7.2) [33]. Likewise, the molecular orientation determines interfacial energetics and 
by controlling the relative molecular orientation at the interfaces the charge transfer and 
charge dissociation can be affected. 
The growth mode (morphology) of the molecular film is as important as the 
orientation of the molecules within the film. The growth mechanisms of organic thin films 
can be divided into three types, as displayed in Figure 1.7.3 [34]. Figure 1.7.3 (a) shows the 
idea layer-by-layer (Frank-van-der-Merwe) growth mode, which leads to homogeneous films 
and produces relatively large lateral domains of crystallinity. Figure 1.7.3 (b) shows the 
island growth mode (Volmer-Weber growth). Figure 1.7.3 (c) shows the layer-plus-island 
(Stranski-Krastanov) growth mode, in which one complete layer is formed first after which 
island growth starts.  The island growth occurs preferentially in the case of physisorption or 
very weak chemisorption, if the intermolecular interaction is stronger than the molecule-
substrate interaction. If the molecule-substrate interaction is stronger, e.g. for 
chemisorption, then either layer-by-layer or layer-plus-island mode takes place. 
 
Figure 1.7.2 Examples on organic devices with distinct targeted molecular orientation: the lying 
orientation for OLED and upright orientation for OFET. Molecular layers are sandwiched between 
contacting layers. The arrows indicate the current flow directions. 
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Despite the molecular growth modes, molecular orientation, in turn, has important 
implications on the interfacial properties. Orientation-dependent ionization potentials in 
organic thin films have been reported, where flat-lying α-sexithiophene (6T) and α,ω-
dihexyl-sexithiophene (DH6T) have higher IP compared with standing layers [35]. This can be 
attributed to the intramolecular dipole formed by the negatively charged π-electron clouds 
and positively charged molecular plane below, whereas no such dipoles are present at the 
surface of standing layers. The effect is more pronounced in molecules terminated by 
strongly electronegative atoms such as fluorine (F), where the strong intramolecular dipolar 
bond formed by F atoms (δ-) and backbone carbon atoms (δ+) leads to surface dipole 
moment pointing toward the molecular cores for molecules with standing-up orientation, 
lifting the vacuum level and increasing the IP [36]. In organic-organic and organic-metal 
interfaces, the molecular IPs of different layers essentially determine the relative energy 
positions of their HOMOs/LUMOs. Therefore, manipulation of IP via choosing right molecular 
orientation in organic thin films is an effective method to optimize the energy level 
alignments in organic devices. 
The principal factor determining the molecular orientation has been assumed to be 
the different interactions between molecule-substrate and molecule-molecule. For metallic 
substrates, molecules tend to lie flat on the surface due to the high interaction strength 
between molecular π bonds and the surface of metallic substrates. While the upright-
oriented molecules in films grown on oxidized surfaces such as SiO2, glass, ITO, etc., where 
rationalized by the weaker interaction of molecules to the surface passivated by oxygen [32, 
37-40]. Except for the interaction-strength model, the roughness of the substrate also plays 
 
Figure 1.7.3 A schematic of the growth modes. (a) layer-by-layer growth, (b) island growth, (c) layer-
plus-island growth. 
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a role. For example, the upright molecular orientation in films grown onto polycrystalline 
and non-oxidized metallic surfaces was substantiated by the higher roughness of the 
polycrystalline surfaces compared to single-crystal surfaces [41, 42].  
By elevating the substrate surface morphology to the primary factor determining the 
molecular orientation in the film, the preferentially-oriented diffusion (POD) model justifies 
distinct molecular orientations obtained on polycrystalline metallic surfaces [42]. The POD 
model rationalizes the frequently observed gradual orientational transition occurring in 
thicker films (Figure 1.7.4) [32]. The surface order of molecular films deteriorates with 
increasing film thickness due to growth imperfection and thereby the directors (n-th layer on 
the film acts as the substrate for the (n+1)-th layer) gradually deteriorate and vanish. 
The details of various growth modes resulting in well-ordered or disordered films, the 
factors determining molecular orientation, the gradually orientational transition from thin to 
thick films make the situation complicated and are still under investigation. In chapter 5, we 
will present a systematic study regarding above-mentioned aspects  
 
Figure 1.7.4 Sketched illustration of the gradual orientational transition: the molecular tilt angle 
gradually varies with the increased thickness of a molecular film. 
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2. Experimental 
This chapter presents the details of sample preparation and the techniques used to 
characterize the electronic and the interface properties of molecules, including experimental 
equipment and the theory background. 
2.1 Materials and Sample Preparations  
This subchapter starts with the preparation details of the substrates and molecules 
investigated. 
2.1.1 Substrates and Preparation 
The substrates used in this work were FM metals such as Ni, Co and half metal 
La0.67Sr0.33MnO3 (known as LSMO). Two types of metal substrates were used. One is Ni or Co 
foil (Alfa Aesar, 99.997% Puratronic®) which was cleaned by Ar+ ion etching prior to 
molecular deposition. Another type is Ni or Co films which are evaporated by an e-beam 
evaporator from a rod source (source wire 2.0 mm, 99.99%, MaTeck®) onto SiO2/Si. The Si 
substrates (with natural silicon oxide layer) were sequentially cleaned for 10 minutes in an 
ultrasonic bath with acetone, ethanol, and deionized water. Afterwards the substrates were 
dried under a stream of N2. All substrates were checked by UPS which showed distinct Co or 
Ni photoemission features and a work function same as literature values [43]. The LSMO 
substrates were prepared by Manuel Monecke in the same group using magnetron 
sputtering at room temperature on Si (111) substrates covered with native oxide. The Si 
substrates were cleaned in the same procedure as described before. An Advanced Energy DC 
pinnacle™ plus sputtering generator was used for a pulsed DC deposition with a pulse 
frequency of 100 kHz and a reverse bias time of 2 µs, to avoid target charging, at a sputtering 
power of 30 W. The system was equipped with a planar magnetron sputtering cathode ION 
X-2 (THIN FILM CONSULTING) with a target slot diameter of 50.8 mm (2 inches). The base 
pressure of the deposition chamber was 3×105 Pa, while the deposition of LSMO layers was 
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realized at a pressure of 2 Pa in a flowing oxygen-argon atmosphere with a volume ratio of 
2:1. The deposition was performed with a disk-like Surface Net target with a nominal 
stoichiometry of La0.67Sr0.33MnO3. The stoichiometry of the target was verified by X-ray 
photoelectron spectroscopy (XPS). The distance between target and substrate was 11 cm. All 
films were sputtered in one deposition run to achieve films as comparable as possible. 
Afterwards, each sample was annealed for 3 hours in an ambient atmosphere at a constant 
temperature of 775 °C in a Nabertherm L 1/12 oven. 
The surface roughnesses of the substrates were determined by Agilent Technologies 
5420 Atomic Force Microscope (AFM) in tapping mode, as shown in Figure 2.1.1. The root 
mean square (RMS) roughness of sputtered Ni foil and Ni film were determined to be 1.5 nm 
and 0.2 nm, respectively. As seen after sputtering the topography of Ni foil exhibits many 
scratches compared with the surface of in situ deposited Ni film (Figure 2.1.1 (a) and (b)). 
The RMS for LSMO was determined to be 0.8 nm. In addition, polycrystalline structures of 
LSMO were observed (Figure 2.1.1 (c)). 
 
Figure 2.1.1 AFM topography images of (a) sputtered Ni foil, (b) Ni film on SiO2/Si, (c) LSMO. The 
image sizes are 1×1 µm2.  
2.1.2 Molecular Systems of Interest 
Metal phthalocyanines (MPcs) are archetypal metallorganic complexes constituted by 
four pyrrolic and four benzene rings arranged around the central metal atom. These stable 
aromatic molecules are especially interesting for applications because the π conjugation 
guarantees charge delocalization and thus considerable electron mobility [31]. Most 
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molecules studied in this work are phthalocyanines and their derivatives with a different 
central metal atom or different phthalocyanine ring orbital energies by donation of 
withdrawal of electron density from peripheral side chains, as shown in Figure 2.1.2. 
Phthalocyanines were purchased from Sigma-Aldrich, with purity of 97%, The Cl8CoPc 
(octachlorinatied CoPc) molecules were synthesized in the group of Prof. Dr. Heinrich Lang 
(Dr. Tobias Rüffer) in TU Chemnitz. The molecules were deposited by organic molecular 
beam deposition (OMBD) from Knudsen cells with a deposition rate of 1 Å/min monitored by 
a quartz microbalance. The base pressure for deposition is about 2×10-8 mbar. All deposited 
molecules are purified in situ by heating organic deposition sources to a temperature below 
sublimation temperature for extended times before sample deposition within experiments. 
The investigated molecular thicknesses range from 0.3 nm up to maximum 20 nm due to the 
charging effect of thicker molecular films [44]. 
 
Figure 2.1.2 (a) Molecular structure of CoPc (cobalt phthalocyanine), FePc (iron phthalocyanine) and 
VOPc (vanadyl phthalocyanine), (b) Molecular structures of F16CuPc, F16CoPc (cobalt 
hexahecafluoro-phthalocyanine), Cl8CoPc, (c) Molecular structure of rubrene. The molecules were 
plotted using Avogadro Version 2 0.8.0 [45]. The geometry was calculated using the molecular 
mechanic's optimization [46]. 
2.2 Techniques of Investigation 
Several acquisition techniques were employed in the investigation of the interface 
properties described in this work. The theoretical background of each method is described 
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individually. All techniques are related to photoelectric effect, before the explanation of 
individual technique, an overall sketch will be shown (Figure 2.2.1). 
The core level (CL) and valence band (VB) have been extensively studied by X-ray 
photoemission spectroscopy (XPS) and Ultraviolet photoemission spectroscopy (UPS). In this 
technique, the sample is irradiated with a monochromatic beam of photons and the kinetic 
energies of the ejected electrons are analyzed. In contrast, the determination of unoccupied 
states and electron affinity is more difficult [47]. Often the transport band gap is estimated 
from the onset of the optical absorption spectra, and the transport band gap equals to a 
good approximation of optical gap, this is only valid for inorganic semiconductors. For 
organic semiconductor, the optical band gap is smaller than the transport band gap by 0.2-
1.0 eV, and the difference is interpreted as the exciton binding energy [48, 49]. Thus, the 
electron affinity is overestimated if one assumes the optical band gap equals to the 
transport band gap for organic semiconductors. Both IPES and X-ray absorption spectroscopy 
(XAS) can provide information regarding the unoccupied states. In IPES, an electron having 
kinetic energy Ek is incident on the sample, and photons emitted owing to radiative 
transitions to the unoccupied states are detected (Figure 2.2.1). XAS uses the electronic 
transition from a core to an unoccupied state. In principle, an XAS spectrum can be divided 
 
Figure 2.2.1 Sketch diagrams of experimental techniques. (a) ultraviolet photoemission spectroscopy 
(UPS), (b) X-ray photoemission spectroscopy (XPS), (c) inverse photoemission spectroscopy (IPES), (d) 
X-ray absorption spectroscopy (XAS) 
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into two different regions [50]. The region interesting for us is the so-called “near-edge 
region” where the electron is excited into unoccupied states in the vicinity of the absorption 
edge. This region ranges from about 5 eV below the IE to about 15 eV above the IE, and is 
called near-edge X-ray absorption fine structure (NEXAFS). Details about individual 
techniques will be presented below. 
2.2.1 Photoemission Spectroscopy (PES) 
Photoemission spectroscopy (PES) is one of the most suited tools to study the 
electronic structures of materials. The photoelectron effect amounts to shining a 
monochromatic electromagnetic radiation (hν) on a sample and producing free electrons 
with a well-defined energy spectrum. The experiments are to be performed under ultra-high 
vacuum (UHV) in order to measure probability distributions of photoelectrons not altered by 
interaction with background atmosphere surrounding the sample. There are two types of 
quasi-monochromatic excitation sources that are available under laboratory conditions 
namely ultraviolet (UV) line spectra of discharge lamps (UPS), with rare gases like helium (He 
Iα = 21.2 eV and He IIα = 40.8 eV), and the characteristic lines from the X-ray source (XPS) for 
which the most commonly used anode materials are aluminium (Al Kα1,2 = 1486.6 eV) and 
magnesium (Mg Kα1,2 = 1253.6 eV). 
It has to be noticed that photoemission spectroscopy is a highly surface sensitive 
technique. In fact, while the penetration depth of photons exciting photons in into the solid 
can reach many m, depending on the material type and photon wavelength, the escape 
depth of the photo-emitted electrons (typical energy range 5-1500 eV) is limited to a range 
from a few Å to a few tens of Å. The escape depth determines the depth from which photo-
emitted electrons escape from the solid into vacuum without losing energy. It can be 
described as an exponential attenuation of the photo-emitted current as a function of the 
depth from which photoelectron is emitted [51]. The escape depth value is limited by the 
electron-electron scattering, mostly the excitation of collective modes, while the electrons 
escape into vacuum from the solid. Thus, a fraction of photoelectrons (primary electrons) 
escape into vacuum without suffering scattering and energy losses, while a large part of 
photo-excited electrons (secondary electrons) scatter and suffer various energy losses, giving 
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rise to an unstructured background towards low kinetic energy in the photoelectron 
spectrum, and essentially losing information. The escape depth, that is directly proportional 
to the mean free path λ, is a function of the electron kinetic energy and follows a general 
(common for all materials) behaviour, known as “universal curve”, with a minimum value 
roughly between 10 and 50 eV. 
The photocurrent produced in a photoemission spectroscopy experiment results 
from the excitation of electrons from the initial states 𝑖 with wave function 𝛹𝑖  to the final 
states 𝑓 with wave function 𝛹𝑓 by the photon field having the vector potential ?̂?. Assuming a 
small perturbation ∆ the transition probability 𝑃𝑖𝑓 per unit time between the N-electron 
states 𝛹𝑖  and 𝛹𝑓 is calculated by Fermi’s Golden Rule, which yields: 
The conservation of energy is accounted for by the delta function assuring the photon 
energy to be equal to the energy difference between final and initial state. In this case, ∆ can 
be written as: 
Where ?̂? and Γ are the vector and scalar potentials of the radiation field and ?̂? is the 
momentum operator. Applying the Coulomb gauge ∇⃗ ∙ ?̂? = 0, (2.2) is simplified since ?̂? and 
?̂? then commute. Finally, the ∆ for the interaction between an electron and electromagnetic 
radiation with a vector potential ?̂? can be written as: 
When the wavelength of the incident light is large compared to the orbital size investigated, 
the dipole approximation can be used, therefore, ?̂? = ?̂?0 can be considered as constant. 
Assuming that the matrix element and the DOS are constant at fixed ℏ𝜔 one obtains [52]: 
𝑃𝑖𝑓 ∝
2𝜋
ħ
|⟨𝛹𝑓|∆|𝛹𝑖⟩ |
2
𝛿(𝐸𝑓 − 𝐸𝑖 − ℏ𝜔) (2.1) 
∆ =
𝑒
2𝑚𝑐
(?̂??̂? + ?̂??̂?) − 𝑒𝛤 +
𝑒2
2𝑚𝑐2
?̂? ∙ ?̂? 
?̂? = 𝑖ℏ∇⃗  
(2.2) 
∆=
𝑒
2𝑚𝑐
(?̂??̂? + ?̂??̂?) (2.3) 
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Where 𝑀𝑓𝑖  represent the matrix elements and 𝑓(𝐸𝑖) is the Fermi distribution function. 
Equation (2.4) represents the internal electron current density directed towards the surface 
having an energy E and a wave vector ?⃗?  [53].Most of the photo-emitted electrons undergo 
inelastic scattering process which contribute to the background. The transport probability is 
proportional to the mean free path: 
In the end, the photoelectron has to be transmitted through the surface which requires the 
conservation of parallel component of the wave vector: 
The kinetic energy 𝐸𝑘𝑖𝑛 and the wave vector ?⃗?  of observed photoelectron is described by the 
following relation, with the surface normal (?⃗? ⊥
𝑒𝑥) and parallel (?⃗? ∥
𝑒𝑥) components of ?⃗? , 
respectively. 
Finally, the photoemission spectra intensity observed in the experiment is given by [54]: 
The 𝐼0 depends on the polarization vector of incident light (?̂?) and the momentum vector (?̂?), 
and the atomic orbital component. The R, which is the resolution function of the 
spectrometer, is a Gaussian. The SOL (second order light) is a background by an incident light 
𝑁(𝐸, ℏ𝜔, ?⃗? ) ∝
2𝜋𝑒2
ħ𝑚2𝑐2
|⟨𝛹𝑓|?̂?0 ∙ ?̂?|𝛹𝑖⟩ |
2
∑𝛿(𝐸𝑓 − 𝐸𝑖 − ℏ𝜔)𝛿(𝐸 − 𝐸𝑓)
𝑖
∝ ∑𝑀𝑓𝑖𝑓(𝐸𝑖)
𝑖
δ(𝐸𝑓 − 𝐸𝑖 − ℏ𝜔)𝛿(𝐸 − 𝐸𝑓) 
(2.4) 
𝐷(𝐸) ∝ 𝜆(𝐸) (2.5) 
?⃗? ∥
𝑒𝑥 = ?⃗? ∥ + 𝐺 ∥ (2.6) 
𝐸𝑘𝑖𝑛 =
ħ2?⃗? 2
2𝑚
=
ħ2 ((?⃗? ⊥
𝑒𝑥)
2
+ (?⃗? ∥
𝑒𝑥)
2
)
2𝑚
 
(2.7) 
𝐼(?⃗? ) = 𝐼0(?⃗? )∑𝑑𝜔
′
𝛿𝑘
𝐴(𝑘′, 𝜔′)𝑓(𝜔′)𝑅(𝜔,𝜔′) + 𝑆𝑂𝐿 + 𝐵𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑 
𝐼0(?⃗? ) ∝ |⟨𝛹𝑓|?̂? ∙ ?̂?|𝛹𝑖⟩ |
2
 
(2.8) 
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and the Background includes other effect such as secondary electrons. From equation (2.8), 
it is expected that 𝐼0(?⃗? ) has a maximum value when the broadening of the initial state ∆𝛹𝑖  
is close to the Broglie wave length of the final state. Namely, there is a most effective energy 
of the incident light to excite an electron in a specific orbital. 
Due to the fact that photoemission 
spectroscopy in this study was mostly used 
with UPS, for a better understanding, 
Figure 2.2.2 illustrates the principle of UPS, 
where the energy and momentum 
conservation rules are used in analyzing 
observed spectra. The electronic structure 
of a metal contacted with an organic 
molecule and the photoemission process 
are shown. The electrons in the occupied 
states (HOMO), are excited by the incident 
light of photon energy hν, and those with 
energy above vacuum level (Ev) can escape 
through the surface. The kinetic energy Ekin 
of the photoelectron is given by the 
Einstein relation: 
𝐸𝑘𝑖𝑛 = ℎ𝜈 − 𝐸𝐵 − 𝛷 (2.9) 
We can derive various physical quantities 
from the spectra. The ionization threshold energy IE of the organic layer is obtained as  
𝐼𝐸 = ℎ𝜈 − 𝐸𝑘
𝑚𝑎𝑥(𝑜𝑟𝑔𝑎𝑛𝑖𝑐) (2.10) 
Now the electrons with maximum kinetic energy 𝐸𝑘
𝑚𝑎𝑥(𝑜𝑟𝑔𝑎𝑛𝑖𝑐) correspond to the excitation 
from HOMO. 
 
Figure 2.2.2 Electronic structure probed by 
ultraviolet photoemission spectroscopy (UPS) 
and important parameters, binding energy 
(EB) refers to the Fermi level (EF), Φ, Ek are 
work function and kinetic energy of 
photonelectron, respectively. 
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2.2.2 Inverse Photoemission Spectroscopy (IPES) 
Inverse photoemission spectroscopy is a complementary technique to photoemission 
spectroscopy, where the sample is exposed to an electron beam and the emitted photons 
are collected. Compared with PES, IPES has much lower count rates due to the low cross 
section. The ratio of the differential cross sections for IPES, σIPES and PES, σPES, is expressed as  
𝜎𝐼𝑃𝐸𝑆
𝜎𝑃𝐸𝑆
= (
𝜆𝑒
𝜆ℎ𝜈
)
2
 (2.11) 
Where 𝜆𝑒 and 𝜆ℎ𝜈 are the wavelengths of emitted electrons and photons, respectively [55]. 
The ratio is typically 10-5 in the 
ultraviolet region, and 10-3 in the 
X-ray region. This also explains the 
fact that IPES has a much shorter 
history than PES [55]. 
There are two operating 
modes in IPES. The spectrum is 
measured either by sweeping an 
electron kinetic Ekin energy with 
detecting photons at a fixed 
energy hν, called the isochromatic 
mode, or by analyzing the photon 
energy hν at a constant electron kinetic energy Ekin, called the tunable photon energy mode. 
The experiments presented in this work are performed in isochromatic mode. The IPES set-
up principal consists of two main parts, an electron gun which generates electron source to 
hit the sample and a photon detector for analyzing. As shown in Figure 2.2.3, Φs and Φg are 
the work functions of sample and electron gun, respectively. In thermal equilibrium, the 
Fermi levels of the sample and the electron gun will align. When a Vg voltage is applied to 
the electron gun, an electron, which is thermionically emitted from the electron gun, is 
accelerate to the sample with a kinetic energy Ekin relative to the vacuum level: 
 
Figure 2.2.3 Description of IPES. Φs and Φg are the work 
functions of sample and electron gun, respectively.  
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From the initial state Ei the electron decay to the unoccupied state Ef and thus emitting a 
photon. The final energy of the electron becomes: 
𝐸𝑓 = 𝑒𝑉𝑔 + ∅𝑔 − ℎ𝜈 (2.13) 
Sweeping the voltage Vg and recording the resulting photons give rise to an image of the 
density of unoccupied states between Fermi level and vacuum level. 
2.2.3 Near edge X-ray absorption fine structure (NEXAFS) 
Opposite to the related X-ray photoemission spectroscopy technique, where the 
photon energy is fixed and the electron intensity is measured as a function of electron 
kinetic energy, in NEXAFS the X-ray energy is scanned and the absorbed X-ray intensity is 
measured. NEXAFS spectra can be recorded in different ways. The most common methods 
are transmission and electron yield measurements. The measurements carried out in this 
work are total electron yield (TEY) detection mode, where the absorbed X-ray intensity is not 
measured directly but rather the photoelectrons that are created by absorbed X-rays. X-rays 
are absorbed through excitations of core electrons to empty states above the vacuum or 
Fermi level. The created holes are then filled by Auger decay. The intensity of the emitted 
primary Auger electrons is a direct measure of the X-ray absorption process and is used in 
so-called Auger electron yield (AEY) measurements, which is highly surface sensitive, similar 
to XPS. As they leave the sample, the primary Auger electrons create scattered secondary 
electrons, which dominate the TEY intensity. Thus the TEY cascade involves several 
scattering events and originates from an average depth L, which is typically a few 
nanometers. 
By variation of the photon energy ℏω, the absorption into different unoccupied 
states is probed. The state-dependent absorption cross section σNEXAFS is defined as the 
number of electrons excited per unit time divided by the number of the incident photons per 
unit time per unit area. It can be described by equation (2.14) [50]: 
𝐸𝑘𝑖𝑛 = 𝑒𝑉𝑔 + ∅𝑔 − ∅𝑠 (2.12) 
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𝜎NEXAFS =
4𝜋2ℏ2
𝑚2
𝑒2
ℏ𝑐
1
ℏ𝜔
| ⟨𝛹𝑓|e⃗ ∙ 𝑝 |𝛹𝑖⟩|
2𝛿(𝐸𝑓) ∝ |
?⃗? 
|𝐸|⃗⃗ ⃗⃗  ⃗
⟨𝛹𝑓|𝑝 |𝛹𝑖⟩|
2𝛿(𝐸𝑓) (2.14) 
The equation describes a 
number of characteristics of the 
method important for the 
interpretation of NEXAFS data: (a) The 
matrix element ⟨𝛹𝑓|𝑝 |𝛹𝑖⟩ 
necessitates an overlap between the 
core level involved and the 
unoccupied orbital. Therefore, 
NEXAFS is a local probe, which means 
it measures the unoccupied states at 
the site of the core level. (b) For 
NEXAFS, the dipole selection rule 
∆𝑙 = ±1  must be fulfilled. For 
excitations from the 1s orbital, only 
states with a component of p 
character at the excitation site are 
probed. (c) The scalar product of ?⃗?  and 𝑝  gives rise to an angular dependence of the cross 
section that can be used to determine molecular orientation [49]. 
In Figure 2.2.4 the NEXAFS process for a diatomic molecule is depicted. When the 
incident X-ray beam is stepped in energy over the absorption edge of the specific element, 
an absorption spectrum similar to the one on top side will be detected. Right before the 
ionization energy of the respective atomic K, L, etc. shell is reached, i.e. ℎ𝜈 ≤ 𝐸V − 𝐸B, very 
sharp absorption features are observed, provided a sufficient resolving power. These peaks 
occur at photon energies that fit the energy difference between the core level of the 
respective element and unoccupied orbitals. The peak intensity therefore is a measure for 
 
Figure 2.2.4 Schematic view of the NEXAFS process for a 
diatomic molecule (bottom), the corresponding NEXAFS 
K-shell spectrum with π* and σ* resonances is plotted 
(up). 
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the overlap of the localized core state with the in general more delocalized unoccupied 
orbitals. 
2.3  Data Interpretation 
2.3.1 Data interpretation by combined UPS and IPES 
In the following, an example of combined UPS and IPES data evaluation and the exact 
method for determining the onset positions will be presented. Figure 2.3.1 shows the UPS 
and IPES spectra of a clean Ni foil together with 10 nm CoPc/Ni. The UPS spectra are plotted 
with decreasing binding energy from left to right. Following this convention, the IPES spectra 
follow the same trend with negative values. All spectra are plotted with respect to the Fermi 
edge. In Figure 2.3.1, the secondary electron cut-off, the vacuum level (VL), the Fermi edge  
(EF), and the HOMO, LUMO onsets are marked with dashed lines. The position of the vacuum 
level (EV) is not directly observed in the spectra but determined by subtracting the energy of 
 
Figure 2.3.1 Example of UPS and IPES data analysis for a clean Ni substrate (black curve) and for a 10 
nm CoPc/Ni film (red curve). The physical values to be determined are defined by coloured vertical 
arrows. 
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the excitation photons from the position of the secondary electron cut-off edge. The work 
function of the metal substrate (ΦNi) is given by the difference between the EF and the VL.  
The work function of molecule 
ΦCoPc is defined as the energy 
between VL of CoPc and the EF of 
the substrate. The difference 
between ΦNi and ΦCoPc defines the 
interface dipole (Δ) [56]. The 
ionization energy (IE) and electron 
affinity (EA) of the organic film are 
determined by subtracting the 
energy of the VL from the HOMO 
and LUMO onsets, respectively. 
The transport band gap (Et) is 
defined as the difference between 
IE and EA. The spectra analysis was 
performed with Unifit2014 
software [57]. For both UPS and 
IPES data Gaussian peak shape 
and polynomial backgrounds were employed in the fitting routine [58]. For the inverse 
photoemission spectra, the resolution of the setup has to be taken into account. Thus a 
deconvolution of the peaks has to be performed according to the formula: 
𝐹𝑊𝐻𝑀𝑒𝑥𝑝
2 = 𝐹𝑊𝐻𝑀𝑠𝑒𝑡𝑢𝑝
2 + 𝐹𝑊𝐻𝑀𝐿𝑈𝑀𝑂
2  (2.15) 
Where 𝐹𝑊𝐻𝑀𝑒𝑥𝑝 is the full width at half maximum of the experimental data, 𝐹𝑊𝐻𝑀𝑠𝑒𝑡𝑢𝑝= 
0.4 eV is the resolution of the setup and 𝐹𝑊𝐻𝑀𝐿𝑈𝑀𝑂 is the physical broadening of the peak 
[58]. Figure 2.3.2 exemplifies the exact way to determine the onset positions. The value of 
the secondary electron cut-off position is given by the intersection of a straight line through 
the experimental points with the energy axis. The HOMO and LUMO onset positions were 
 
Figure 2.3.2 (a) Example to precisely determine the cut-off 
position. (b) Example to precisely determine the HOMO and 
LUMO onset positions. The open symbols represent the 
experimental data, the green lines represent the fitted 
HOMO and LUMO peaks and the blue line is the 
deconvoluted LUMO peak. 
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determined from the intersection between the energy axis and tangent lines to the fitted 
HOMO and LUMO Gaussian peaks, respectively. 
2.3.2 NEXAFS data interpretation 
The NEXAFS is subject to strict selection rules and the spectra of well-oriented 
samples show a significant dependence on the polarization of the incident light [37, 50]. To 
illustrate the determination of molecular orientation from NEXAFS spectra, we took CoPc 
molecule as an example, as shown below. 
The NEXAFS spectra of a Pc molecular film (e.g. CoPc) can be divided into two parts 
(Figure 2.3.3 (b)): The sharp features occurring in the lower photon energy region of the 
spectrum (red shadow) belong to the 1s core level → π* transitions and the broader features 
at higher photon energy (blue shadow) originate from 1s core level → σ* transitions. We 
briefly assign the main spectral peaks, denoted as A to D in Figure 2.3.3 (b). The main peak A 
is due to the transition from the N 1s state of the two non-equivalent N atoms, N1-
azomethine and N2-isoindole to the π* LUMO delocalized on the pyrrole ring. The peaks B, C, 
and D are due to transitions to LUMO + n (n = 1, 2, 3) states mainly involving the pyrrole ring 
with C-N bonds. The peaks E, F along with less distinct broad features at higher photon 
energies are due to N 1s → σ* transitions [59]. It should be noted that with respect to the 
molecular plane the π* and σ* orbitals have out-of-plane and in-plane symmetry, 
 
Figure 2.3.3 (a) Illustrating the capability to determine molecular orientations. (b) An example of a 
NEXAFS nitrogen K-edge spectrum for CoPc. The dashed line separates the regions related to N 1s → 
π* and N 1s → σ* transitions. (c) Schematic depicturing the phthalocyanine molecule on the flat 
surface and introducing the angles α and θ (see text for details). 
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correspondingly (Figure 2.3.3 (a)). The electric field vector E of the incident light interacts 
with the electric dipole moment. For K-shell excitations the initial 1s state has σ symmetry 
while the final state has either π or σ symmetry, allowed by the dipole selection rules [50]. 
Thus, if E is perpendicular to the plane of the molecule the π* resonances are excited while 
for E oriented parallel to the molecular plane the σ* resonances are excited. Making use of 
the geometrical dependence of the dipole transitions on the light polarization the following 
formulas can be deduced for the intensities (peak height) of the corresponding peaks in the 
NEXAFS spectra [50]: 
𝐼𝜋∗~𝑃 (cos
2 𝜃 cos2 𝛼 +
1
2
sin2 𝜃 sin2 𝛼) +
1 − 𝑃
2
sin2 𝛼 (2.16) 
𝐼𝜎∗~𝑃 (1 − cos
2 𝜃 cos2 𝛼 −
1
2
sin2 𝜃 sin2 𝛼) +
1 − 𝑃
2
(1 + cos2 𝛼) (2.17) 
where P = 0.98 represents the degree of polarization for the linearly polarized light. The 
angles θ and α are defined in Figure 2.3.3 (c). θ represents the angle between the incident 
light beam and the substrate plane, and α is the angle between the plane of the molecule 
and the substrate plane. By combining equation (2.16) and (2.17) the following formula is 
deduced: 
𝐼𝜋∗
𝐼𝜎∗
= 𝐵
𝑃(2cos2 𝜃 cos2 𝛼 +sin2 𝜃 sin2 𝛼) + (1 − 𝑃) sin2 𝛼
𝑃(2 − 2cos2 𝜃 cos2 𝛼 − sin2 𝜃 sin2 𝛼) + (1 − 𝑃)(1 + cos2 𝛼)
 (2.18) 
where B is a constant which depends on and has to be fitted together with the average 
molecular tilt angle α ± 3°. The error bar was estimated from the fitting procedure and the 
degree of polarization of the synchrotron radiation. 
2.4 UHV Setups 
The measurements presented in this work are performed in total in three UHV setups. 
Photoemission spectroscopy analysis was performed in two vacuum systems, both with a 
deposition chamber attached. The first system is the MUSTANG experimental station (Figure 
2.4.1) in Chemnitz [12]. MUSTANG consists of a preparation and an analysis chamber. The 
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station is equipped with a SPECS Phoibos 150 analyzer. XPS was performed with 
monochromatic Mg (Kα) radiation. For UPS, the excitation source was a He discharge lamp 
producing He I or He II photon energies. The photoemitted electrons were detected in the 
direction normal to the sample surface using a hemispherical analyzer. The base pressure in 
analysis chamber was better than 1×10-10 mbar. The preparation chamber consists of an 
electron beam evaporator, a sputtering gun, a quartz microbalance and two Knudsen cells. 
 
Figure 2.4.1 MUSTANG experimental station in Chemnitz. 
The second UHV system (ARUPS10) is the one that served for all IPES experiments in 
this work. As shown in Figure 2.4.2, the system contains both UPS and IPES measurement 
set-ups and the organic chamber enables us to perform in situ measurements. The IPES 
system contains two main components: the low energy electron gun and the Geiger-Müller 
detector. The low energy electron gun was used to produce a monoenergetic electron beam 
[60]. Spectra were recorded at normal incidence with a current density in the range of 10-6 
A/cm2 which is low enough in order not to damage the organic film [61]. The fixed energy 
photon detector consists of a Geiger-Müller tube with a magnesium fluoride (MgF2) window 
filled with a gas mixture containing ethanol and argon [62]. The ionization energy of ethanol 
and the transmission function of the MgF2 window provide a value of 10.9 eV as the nominal 
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detection energy of the detector. The overall IPES instrumental resolution, estimated from 
the width of the Fermi edge measured on clean Ni and Co samples is 0.4 eV. The analysis 
chamber is connected to the sample storage area where a base pressure in the low 10-8 
mbar is maintained. 
 
Figure 2.4.2 (a) The UHV system which contains the ARUPS10 analysis chamber, the sample 
preparation chamber, the fast-entry Load-Lock, and the Middle Chamber. (b) A closer insight into the 
ARUPS10 system: the UPS (blue) and IPES (red) setups [63]. 
Some of the results of this work were obtained by using sources of synchrotron 
radiation. The main parts of all our NEXAFS measurements were performed at the Russian-
German Beam Line (RGL-station) of the Berliner Electronenspeicherring Gesellschaft für 
Synchrotronstrahlung GmbH (BESSY-II). In contrast to nowadays mostly employed undulator 
beamlines, which deliver a very high photon flux in form of quasi-discrete spectra, the dipole 
RGL provides rather moderate intensity radiation with a continuous distribution over a wide 
photon energy range (30-1500 eV). Therefore, the beamline is well suited for NEXAFS 
measurements and for studies of organic materials, which are fragile to a certain extent and 
can potentially be damaged under irradiation. The experimental station consists of three 
chambers, as shown in Figure 2.4.3. The upper one is positioned right above the analytical 
chamber and dedicated for "clean" experiments with rather delicate and reactive materials 
like rare-earth elements. However, we do not use this chamber for this study. 
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Measurements are done in the analytical chamber, which is equipped with (i) a PHOIBOS 150 
electron-energy analyzer, (ii) an MCP-LEED system, (iii) a partial yield electron detector and 
(iV) an X-ray tube. The third chamber is the "side" preparation chamber. It is equipped with a 
quartz microbalance, flanges to mount evaporators, a gas inlet system, an ion gun, a 
manipulator and a fast-entry system. Here, thin films can be deposited in-situ from Knudsen 
cell type evaporators. 
 
 
Figure 2.4.3 3D overview model of the Russian-German beamline station. It consists of (1) SPECS 
PHOIBOS 150 Analyzer, (2) analytical chamber, (3) “top” preparation chamber, (4) “side” preparation 
chamber, (5) and (6) sample manipulators, (7) and (8) fast-entry system, (9) magnetically coupled 
sample transporters [64]. 
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3. Organic-Metal Interfaces 
The electronic character of a π-conjugated molecule on a metal surface can change 
from semiconducting to metallic, depending on how molecular orbitals align with respect to 
the Fermi level of the electrode. The energy level alignment is thus a key property that 
strongly influences the performance of organic based devices [25, 65-69]. Adsorption of a 
molecule on a metal surface can result in a wide variety of effects: polarization of the 
electron density of the organic material due to interaction with an image charge from the 
substrate, partial charge transfer through covalent organic-substrate bonds, integer charge 
transfer through tunneling across the organic/substrate interface, surface rearrangement, 
adsorption-induced order or disorder, etc. [14]. The complexity of the above-mentioned 
effects makes it hard to predict the interface properties the individual organic-metal system. 
In addition, most of the studies carried out until now used the well-defined single crystal 
metals as substrates, which is good for fundamental studies but out of practical application. 
Considering both fundamental and practical aspects, we have chosen in this work 
polycrystalline metal substrates as a tool for interface engineering studies. 
Two FM polycrystalline substrates, Co and Ni, were chosen for our study due to their 
excellent spin filtering properties for the potential of spintronic devices [4, 29, 70-72]. MPcs 
on FM substrates have been identified as a promising medium to transport spin-encoded 
information due to low spin-orbit induced spin decoherence in this class of semiconductors 
[72]. Besides, the properties of MPcs can be easily systematically modified by altering the 
metal cations or ligands, and this topic has attracted considerable interest [73, 74]. 
One of the easiest ways to tune the interfacial properties between organic molecules 
and metal substrates is by changing the substrates or by modifying the molecules. In this 
chapter, both ways to manipulate the interface properties are shown. In the first subchapter, 
we will discuss the CoPc molecules on two different substrates, where the interaction can be 
drastically changed. In the second subchapter, the effect of modifying the molecule will be 
shown, by comparing CoPc and FePc on the same substrate. By altering the central atom of 
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MPc, the different channel of the interfacial charge transfer can be activated. Our results, 
therefore, demonstrate the important role of the central atom of the phthalocyanine 
molecule and the substrates in mediating the charge transfer at the interfaces. 
3.1 CoPc/Co and CoPc/Ni 
This subchapter presents the energy level alignment and interactions between CoPc 
and two different FM substrates, Co and Ni, in order to investigate the influence of the 
substrates on the electronic structure of CoPc/metal interfaces. 
By using appropriate substrates, the interfaces between organic and metal can be 
manipulated, thus the injection barriers or transport band gap of the organic materials can 
be tuned. Previous studies performed in the group have shown a “band bending” behaviour 
for copper phthalocyanine (CuPc) deposited on hydrogen passivated Si (111), which is 
expected for organic-semiconductor interface [44]. By contrast, a “band gap shrinking” 
behaviour was observed for CuPc deposited on metal substrates (Co and Au). There, the 
transport band gap of CuPc was found to decrease from 2.2 eV to 1.4 eV when the thickness 
of molecular layer decreases from bulk film to very thin layer. Both the HOMO and LUMO 
onset positions shift closer to the Fermi level by 0.25 eV and 0.55 eV, respectively, at the 
interface comparing with bulk films. This band gap shrinking behaviour was explained by so-
called image charge screening effect induced from the metallic substrates [56]. However, 
other studies have shown that at the interface of CuPc/Co, a hybridization state can be 
formed mostly involving the central Cu atom [4]. Therefore, the interaction between CuPc 
and Co is far more than simply image charge screen effect. Hence the different shift values 
of HOMO and LUMO in this early study should be explored more thoroughly. Not only the 
image screening effect plays a role in the energy level alignment, charge transfer, hybrid 
interface state, charge transfer induced rearrangement of electrons could also dramatically 
change the interface properties. With this in mind, interface engineering raises a variety of 
exciting issues concerning effects on the electronic structure and hence their optical, 
magnetic and transport properties. Based on previous studies, we choose CoPc in this study. 
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As a transition-metal, the central Co ion has a partially filled 3d-orbital and is magnetically 
active [75, 76]. Two FM substrates, Co and Ni, are chosen for comparison, due to their 
potential use in spintronic devices. 
We start with studying the CoPc/Ni interface by a combination of UPS and IPES. The 
penetration depth for exciting UV radiation in case of UPS is high but escape depths for 
electrons with kinetic energies of 10-30 eV are extremely small and thus UPS is surface 
sensitive, primarily the top 5 to 15 Å of the surface is measured [77]. This allows the entire 
wide range of film thicknesses to be measured from sub-monolayer to films over 10 nm thick. 
The 10 nm CoPc film can be considered as a bulk film in this work [56]. The detailed 
evaluation procedure of UPS and IPES data can be found in section 2.3.1. Figure 3.1.1 
displays the evolution of UPS and IPES spectra with increasing thickness of CoPc films on Ni. 
From the secondary electron cut-off (Figure 3.1.1 (a)) the work function (Φ) of the Ni and of 
the consecutively deposited CoPc films are determined. ΦNi was determined to be (5.2 ± 0.1) 
eV, in good agreement with literature data [43]. The difference between ΦNi and ΦCoPc 
 
Figure 3.1.1 Thickness dependent UPS (a, b) and IPES (c) spectra of CoPc on Ni foil: (a) the 
secondary electron cut-off; (b) the HOMO onset; (c) the LUMO spectra. 
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defines the interface dipole (Δ) [56]. It should be noticed that the interface dipole (0.7 eV) 
was formed immediately after the deposition of 1 nm CoPc, in agreement with the previous 
study that the interface dipole was formed at the first molecular monolayer [56]. Moreover, 
it was pointed out that the rationalization of the interface dipoles requires the inclusion of 
several mechanisms such as a reduction of the metal work function, a charge transfer 
between metal and organic material depending upon the strength of the interaction at the 
interface, screening effects, and the contribution of molecular dipoles [78]. Generally, 
potential drops at interfaces to metals can be understood by the push back of the electron 
cloud of the metallic substrate, which is also called Pauli repulsion or pillow effect. The 
magnitude of this effect is discussed controversially, but for several systems often values 
~0.3 eV are discussed [24, 79-81]. The large interface dipole as in our case of CoPc on Ni, 
about 0.7 eV, could be ascribed to additional charge transfer effect [78, 82]. Figure 3.1.1 (b) 
shows the HOMO region of CoPc with increasing film thickness on Ni. The bottom (yellow) 
spectra represent the clean substrates. A well-defined high intensity Fermi edge, originating 
from the low-lying d-band state of Ni, is clearly observed in the spectra. The evolution of the 
HOMO of CoPc is indicated by the dashed line in Figure 3.1.1 (b). The HOMO onset position 
for bulk CoPc is determined to be 0.8 eV with respect to EF, and it drops to 0.6 eV at the 
interface. 
The IPES spectra evolution with increasing film thickness is plotted in Figure 3.1.1 (c). 
The spectra were fitted with three Gaussian peaks and the closest one to the Fermi level 
represents the LUMO level. The LUMO onset position for bulk CoPc is determined to be 1.4 
eV above EF, which makes the transport band gap of CoPc (2.2 ± 0.3) eV. This value is the 
same as previous reports on the transport band gap of CuPc [44, 56, 58]. The LUMO onset 
positions keep almost constant when going from the interface to bulk, which makes the 
transport band gap of CoPc to be (2.0 ± 0.3) eV at the interface. Before going to detailed 
discussions of the observed thickness dependence of transport band gap of CoPc/Ni, we 
consider results obtained on another FM substrate, Co, for comparison. 
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Figure 3.1.2 shows the same set of thickness dependent spectra as for the Ni 
substrate, but for CoPc films on Co substrate. The work function of clean Co (ΦCo) was 
determined to be (5.1±0.1) eV from the secondary electron cut-off edge, as shown in Figure 
3.1.2 (a), in good agreement with literature data [43]. The interface dipole of 0.5 eV was 
formed when 1 nm CoPc deposited on Co substrate. The HOMO onset position of CoPc on Co 
at 10 nm was determined to be 0.8 eV as well, confirms the little influence from the 
substrates at this thickness. It is noticeable that LUMO positions shift towards EF when going 
from bulk to the interface (about 0.7 eV), with almost constant HOMO onset positions, this 
makes the transport band gap shrink at the interface. The transport band gap at bulk 
molecular thickness is the same as that for CoPc/Ni. Considering the previous report on 
CuPc/Co， where a 0.55 eV downshift of LUMO at the interface was observed, combined 
with another report which showed a hybrid interface state between CuPc and Co, we ascribe 
the large shift of LUMO at CoPc/Co interface to the possible HIS [4, 56]. 
 
Figure 3.1.2 Thickness dependent UPS (a, b) and IPES (c) spectra of CoPc on Co foil: (a) the secondary 
electron cut-off; (b) the HOMO onset; (c) the LUMO spectra. 
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To confirm our assumption, it is necessary to look into details of the CoPc/Co and 
CoPc/Ni interfaces. Using He I radiation (21.2 eV) enabled us to investigate the initial 
configuration of the DOS from close to the interface up to a bulk CoPc thickness. On account 
of different photoionization cross-sections for p-orbitals of carbon and nitrogen and d-
orbitals of metal atom, we can estimate the dominating elemental contribution in the 
experimental DOS with additional use of He II radiation (40.8 eV) [4, 83]. Figure 3.1.3 
displays the valence band spectra of CoPc/Co and CoPc/Ni recorded with He II. The dash 
lines represent the clean substrates of Co and Ni, with well-defined Fermi edges originating 
from the d-orbitals as discussed before, respectively. The blue curves represent 2.4 nm CoPc 
film deposited on metal substrates, where the HOMO positions can be clearly seen. Even 
though, the Fermi edge is still visible at 2.4 nm film thickness. When going to lower coverage, 
as 0.6 nm (the red curve shown in Figure 3.1.3), for both cases, the features from the 
substrates dominate the whole spectra. We can see an increased intensity start close to the 
Fermi edge with respect to the signal on the clean substrates at 0.6 nm CoPc film thickness 
for both cases, but with slightly different manner. As shown in Figure 3.1.3, the increasing 
intensity of the spectra of 0.6 nm CoPc/Ni changing smoothly and continuously from the 
 
Figure 3.1.3 Valence band spectra of (a) CoPc/Co and (b) CoPc/Ni measured with hν = 40.8 eV before 
subtraction. 
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Fermi edge, however, the spectra for CoPc/Co seems to be noisier and the intensity does not 
change much near the Fermi edge. 
For further understanding this increased intensity near the Fermi level, the difference 
spectra (ICoPc/Co-ICo and ICoPc/Co-INi) are displayed in Figure 3.1.4 to exclude the dominating 
features from the substrates. Here we only show the spectra of the HOMO region with 
different film thicknesses. In Figure 3.1.4 (a), a new spectral feature around 0.5 eV appears 
at 0.6 nm, visible up to 2.4 nm and completely disappearing at 6 nm thickness. Extra spectral 
features near Fermi edge have been widely reported for organic semiconductors on metal 
surfaces (CuPc/Co(001), CoPc/Ag(111), CoPc/Au(100), PTCDA/Ag(110), PTCDA/Ag(111), 
FePc/Ag(111)) [4, 20-23]. This new feature is so-called interfacial state or hybridization state, 
where new chemical bonds are formed between the substrates and the molecules. Our 
observation is in agreement with the previous report for CoPc deposited on single crystal Co 
substrate [4]. This interfacial state is a result of strong hybridization between d-orbitals of 
the central metal Co atom and the substrate metal, as also supported by density function 
 
Figure 3.1.4 Valence band spectra of (a) CoPc/Co and (b) CoPc/Ni measured with hν = 40.8 eV after 
subtracting the corresponding clean reference spectra with thin and thick film thickness. 
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theory (DFT) calculation from literature [4]. The CoPc/Co system is, therefore, different to 
CoPc/Ni, as for the latter no obvious new feature appears near the Fermi edge, but rather a 
shoulder at a lower binding energy of HOMO was observed (Figure 3.1.4 (b)). Normally one 
can consider this as a broadening of HOMO. Several physical mechanisms may potentially 
account for the broadening of HOMO at the interface [84]. First, the narrow DOS bands of 
molecules might be split into several sub-bands by vibronic modes of molecular fragments 
[85]. Second, there is an interface dipole present which extends to some depth into the 
other material and therefore, will smear out the DOS in the material by electrostatic 
interaction [86, 87]. Third, there are significant image force interactions at the interfaces of 
organic materials with metals which may lead to additional 0.1-0.2 eV broadening of the 
organic materials DOS [88-90]. Finally, the presence of uncompensated defects or impurity-
related charges in the near-interface layer of organic might add to the HOMO/LUMO level 
broadening [91]. The exact mechanism of DOS broadening needs more experimental data 
support, and here we use NEXAFS and IPES methods to study the unoccupied states. 
The associated N K-edge NEXAFS spectra taken under a normal incidence beam light 
angle of CoPc/Co and CoPc/Ni with two different film thicknesses are displayed in Figure 
3.1.5. The main peak A is due to the transition from the N 1s state of the two non-equivalent 
N atoms, N1-azomethine and N2-isoindole, to the π* LUMO delocalized on the pyrrole ring. 
The peaks B and C are due to transitions to LUMO + n (n = 1, 2) states mainly involving the 
pyrrole ring with C-N bonds [59]. As shown in Figure 3.1.5 (a), the absorption spectra for 
CoPc/Co at thin (0.6 nm) and thick (6.0 nm) layer thicknesses reveal similar lineshape, 
indicating that contacting with Co surface does not significantly alter the unoccupied states 
of CoPc. By contrast, on Ni surface, significant modification are found in the π* region. The 
most remarkable difference between thin and thick film is the appearance of a clear 
shoulder A’ around hν = 397.5 eV at the interface and in turn disappeared at the thick layer. 
The A’ feature is just at lower energy side of the first main peak A associated with transitions 
into the LUMO. Meantime, peak B shifts down in energy and peak C broadens at the low 
photon energy side. All the above details are in line with the previous report for 
F16CuPc/Ag(111) and of F16CuPc:PEN blend on Cu(111), where the feature A’ corresponds to 
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a partially filled LUMO orbital (F-LUMO) and not to the partial filling of the Co 3d derived 
singly unoccupied molecular orbital (SUMO) [92, 93]. Back to the observation of the 
broadening of HOMO at CoPc/Ni interface, we can assign the feature near Fermi edge in the 
HOMO region as the partially filled LUMO (F-LUMO) and leave the other unoccupied F-LUMO 
accessible for NEXAFS and IPES. 
This F-LUMO can be explained by the so-called Jahn-Teller effect. The charge transfer 
from the substrate to the molecules does not flow into the SUMO but into the degenerate 
LUMO levels, thereby causing their Jahn-Teller splitting into a still empty LUMO and a 
partially filled F-LUMO [93]. Our results are opposite to observations for CoPc/Ni (111), 
where a charge transfer associated with a redistribution of the d-electrons at the Co atom of 
CoPc was assumed to occur at the interface with Ni (111), as evidenced by the changing of 
lineshape regarding Co L-edge spectra from interface to the bulk [94, 95]. The Co L-edge 
NEXAFS spectra of CoPc/Ni in our study can be found in Supplementary Information (SI 1), 
where no significant modification regarding the lineshape of Co L-edge spectra was observed. 
 
Figure 3.1.5 NEXAFS N 1s excitation spectra of (a) CoPc/Co and (b) CoPc/Ni acquired at a normal 
incidence beam light angle with two different film thicknesses in the π* region. 
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A discrepancy between experimental results and theory prediction regarding similar system 
was proposed to be related to final state effects in the ionization process [96, 97]. However, 
it is worth to mention once again that the substrates in this study are polycrystalline 
substrates where a well-defined surface is absent. The different results obtained in this 
study compared with that of single crystal substrate addresses the necessity of experimental 
studies on molecules/polycrystalline substrates. 
Based on the proceeding discussion, the splitting of F-LUMO should also be visible 
with IPES measurement. The comparison of conduction band spectra of CoPc/Co and 
CoPc/Ni are displayed in Figure 3.1.6. At the interface of CoPc/Ni (thin layer), an additional 
feature close to Fermi edge appears and vanishes for the thick layer. The additional feature 
is in agreement with the A’ feature (F-LUMO) observed in N K-edge NEXAFS spectra (Figure 
3.1.5). The Jahn-Teller splitting causes an F-LUMO which is 0.8 eV lower energy of LUMO and 
leaves the LUMO energy unchanged (Figure 3.1.6 (b)). For CoPc/Co, the spectrum at thick 
 
Figure 3.1.6 Conduction band spectra of (a) CoPc/Co and (b) CoPc/Ni measured at thin and thick film 
thicknesses, respectively. 
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layer shows similar lineshape with that of CoPc/Ni. At the interface, no additional peak was 
observed as seen in Figure 3.1.6 (a), which in agreement with the NEXAFS N K-edge spectra. 
It should be noticed that the peak position of LUMO at the interface of CoPc/Co shifts down 
to Fermi edge about 0.4 eV, e.g. to a higher binding energy. This downshift of LUMO is 
expected as we observed the interfacial state formed between Co substrate and Co 3d state 
from the CoPc molecule [4, 20, 98]. 
At this point, the different energy level alignment of CoPc on Co and Ni substrates 
can be summarized, as schematically shown in Figure 3.1.7. At the interface of CoPc/Ni, a 
partial charge transfer flow from the substrate into the molecule, the two-fold degeneracy 
of CoPc LUMO is thus lifted, by a Jahn-Teller effect, splitting into a still empty LUMO and a 
partially filled F-LUMO [92]. In other words, the charge transfer from substrate to the 
molecule does not flow into Co 3d derived SUMO but into the degenerate LUMO levels. On 
the other hand, at the interface of CoPc/Co, a strong hybridization state was formed 
involving Co substrate and Co 3d state in CoPc molecule, which goes along with a downshift 
of LUMO, that is an increase of its binding energy. 
 
Figure 3.1.7 (a) Energy level diagram of (a) CoPc/Ni and (b) CoPc/Co based on present results. In 
CoPc/Ni, the LUMO is partially charged from the substrate. As a consequence, the two-fold 
degeneracy of CoPc LUMO is lifted, with one of the split states partially occupied. In CoPc/Co, an 
interfacial state was formed which involve the 3d state of Co atom in CoPc and the substrate. 
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3.2 CoPc/Co and FePc/Co 
This subchapter demonstrates the electronic properties of FePc and CoPc on 
polycrystalline Co substrate, probed by NEXAFS spectroscopy. The results show the 
determinant role of the central metal atom of Pcs in tailoring the charge transfer and 
hybridization at the phthalocyanine/polycrystalline FM substrate interfaces, being a 
promising tool for designing the charge injection channels in novel electronic and spintronic 
devices. 
Previous results showed that for TMPc s´ adsorbed on Ag (100) a charge transfer from 
the substrate to the molecules was found, inducing a charge reorganization in FePc and CoPc, 
while adding one electron to ligand π orbitals in NiPc and CuPc [99]. This has opposite 
consequences on the molecular magnetic moments: the hybridization tends to reduce the 
magnetic moment of FePc and CoPc, while the spin multiplicity is actually enhanced by 
charge transfer in NiPc and CuPc due to the induction of a ligand spin in the 2eg orbital [99]. 
In the case of ZnPc and FePc on Au (111), two different charge transfer channels were also 
observed: via the π-system and the metal atoms, respectively [100]. Unpaired spins induced 
by charge transfer in Pc ligands were also found to affect the conductance properties of 
TbPc2 single molecule magnets adsorbed on Au (111) and their coupling to single crystal FM 
surfaces [101, 102]. Chemisorptions of CuPc, CoPc, and FePc at the Co (001) were observed 
and confirmed by DFT calculations, whereas CoPc and FePc have strong contributions of 
orbitals perpendicular to the molecular plane which favors π-type interaction with the d-
orbitals of the substrate, while CuPc has only weak interaction through an in-plane d-orbital 
(𝑑𝑥2−𝑦2) [4]. The results obtained up to now are mainly for single crystal gold substrates, 
while studies for other metals and especially polycrystalline films are rare or missing. The 
choice of substrate for our study was polycrystalline Co films, a promising component for 
spintronics and other applications. 
We start with the N K-edge NEXAFS spectra (in the range of π* transitions) of FePc 
and CoPc films on Co recorded at normal incidence angle for different film thicknesses. First, 
we reassign the main peaks, the most pronounced peaks N1 and N2 are transitions to LUMO, 
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and B, C, D are transitions to LUMO + n, n = 1, 2, 3 [103]. The spectra reveal certain 
differences between the two molecules. Particularly, the lineshape of the strongest 
absorption feature (peak N1 and peak N2) of the N K-edge changes with the film thickness for 
FePc/Co but not for CoPc/Co. The change in the spectral lineshape of FePc/Co with FeCo 
thickness indicates that the structure of electronic states related with the N atoms is 
different near and away from the metal surface. The spectra are normalized to the intensity 
at peak C position. We note the fine difference in the features related to N1 and N2. The N1 
peak intensity is maximum for the 6 nm thick film and strongly reduced for 0.9 and 0.6 nm 
thick films for FePc/Co (Figure 3.2.1 (a)). The change in the intensity ratio of the N1 and N2 
features indicates a site-selective strength of the interaction between the molecule and the 
substrate for the thin layer coverage. Similar results were reported for CoPc/Cu(111), 
CoPc/Fe [103, 104]. 
 
Figure 3.2.1 The π* region of N 1s excitation NEXAFS spectra for (a) FePc/Co and (b) CoPc/Co taken at 
90° incidence beam angle with different thicknesses of the molecular film; (c) Sketch of TMPc 
molecule. 
A similar effect we observe in the C K-edge spectra as shown in Figure 3.2.2. The 
spectra are focused in the region of π* region, recorded with different film thicknesses taken 
at normal incidence angle. In the case of FePc/Co, CP which belongs to the pyrrole ring is 
involved in the charge transfer as a reduction of CP intensity is observed at low coverages. 
However, no obvious lineshape change was observed in the case of CoPc/Co. From both C 
and N K-edge spectra, we can conclude that in the FePc/Co system, the charge transfer 
mainly involves the pyrrole ring in the molecule as both the intensities of CP and N2 which 
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belong to the pyrrole rings are influenced for low coverages, while in the CoPc/Co system, 
both C and N K-edge spectra indicate that the pyrrole rings and benzene rings are not 
involved in the charge transfer or chemical interaction at the interface. 
 
Figure 3.2.2 The π* region of the C K-edge NEXAFS spectra (90° incidence) at different thicknesses of 
(a) FePc/Co and (b) CoPc/Co, respectively. 
The effect of molecule/metal interaction on the Fe and Co central metal atoms can 
be analyzed by studying the absorption transitions from the 2p levels of the metal. The L-
edges are ideal not only for extracting detailed information on the interaction process but 
also to study the evolution of the empty states associated with the orbital and spin 
configuration of the central metal atoms [59]. However, due to the pronounced peak from 
the Co substrate in the CoPc/Co system, it is hard to judge from NEXAFS spectra whether the 
Co atom interacts with the substrate. Therefore, we used UPS to probe the electronic states 
at the interface which has been discussed already in section 3.1, that a new spectral feature 
at 0.5 eV above the Fermi edge is observed at nominal coverages of 0.6 nm, visible for 2.4 
nm and completely absent in spectrum of 6 nm CoPc on Co (Figure 3.1.4). This interfacial 
state is a result of hybridization between d-orbitals of the central metal Co atom and the Co 
substrate [4]. Turning back to the FePc/Co system, the Fe L3-edge spectra taken at 90° and 
20° incidence angles of FePc/Co are compared for thin and thick layers (Figure 3.2.3). Both 
spectra present the same absorption peak sequence, which is the same as reported earlier 
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[59, 105, 106]. The corresponding 
assignment of the peaks is given in Figure 
3.2.3. The a1g state (𝑑𝑧2 ) and the eg 
doublet (𝑑𝑧𝑦, 𝑑𝑥𝑧) are mainly localized on 
the central magnetic atom. The empty b1g 
state with 𝑑𝑥2−𝑦2 symmetry is hybridized 
with the π orbital localized on the nitrogen 
atoms [59]. The different angular 
dependence of the L-edge spectra 
indicates a different orientation of the 
molecules at 0.6 and 6.0 nm thicknesses. 
We notice that there is a slight shift of the 
whole NEXAFS Fe L-edge spectra to higher 
photon energy when going from thin to 
thick layers. This could be ascribed to final 
state effects or screening of the core hole 
by the metal substrate [107]. The thin layer 
data present a slight modification of the 
lineshape with respect to that of the thick layer, but no major difference that account for a 
significant change in the sequence of states or hybridization can be seen. This is in contrast 
to the case of FePc/Au(110) where the thin layer presents strongly different absorption 
features [59]. This evidences a weaker interaction between the polycrystalline Co substrate 
and the Fe atom in FePc molecules. 
By combing NEXAFS and UPS results we can conclude that different charge transfer 
channels occurred in FePc/Co and CoPc/Co, as illustrated in Figure 3.2.4, the shaded regions 
represent the charge transfer channels. At the interface of FePc/Co, the pyrrole rings of FePc 
are involved in charge transfer from substrate to the molecules, as evidenced by the 
suppression of the π-orbital features in the C 1s and N 1s NEXAFS spectra of FePc/Co at the 
initial stage of deposition. For CoPc/Co, on the contrary, C and N atoms are far less involved 
 
Figure 3.2.3 Fe L3 edge NEXAFS spectra of FePc/Co 
taken at normal (90°) and grazing (20°) incidence 
beam angles with different thickness of molecules. 
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in the charge transfer, while the molecular Co 3d orbital accepts charge from the substrate, 
with the formation of hybrid interface state near the Fermi level, as confirmed by ultraviolet 
photoemission spectroscopy. The observed different charge transfer channels, via π channel 
or central atom channel, could further influence the magnetic and conductance properties 
of the systems, which have been reported on single crystal metal substrates [101, 102]. 
 
Figure 3.2.4 Schematic to illustrate the proposed charge transfer mechanisms between the TMPc and 
the Co substrate. The shaded regions represent charge transfer channels/locations in the molecule. 
3.3 Summary 
The organic-metal interfaces were studied by UPS, IPES, and NEXAFS for three 
systems, CoPc/Ni, CoPc/Co, and FePc/Co. The choice of substrates was motivated by their 
application potential for spin injection into organic materials [4, 29, 70]. Moreover, the 
polycrystalline metal substrates are direct of application significance, unlike single crystal 
metal substrates used in most of the studies so far. 
The transport band gap of CoPc is determined to be (2.2 ± 0.3) eV by combined UPS 
and IPES at 10 nm film thickness. At the interfaces, CoPc interacts differently with Co and Ni 
substrates. 
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For CoPc/Ni, a partial charge transfer goes from the Ni substrate to the molecules, 
due to Jahn-Teller effect, the LUMO of CoPc is thus lifted, splitting into a still empty LUMO 
and a partially filled F-LUMO. This F-LUMO can be best evidenced by N K-edge NEXAFS 
spectra where an additional shoulder feature appears just at a lower energy of LUMO at the 
interface and in turn disappeared at bulk thickness. In addition, the new feature near Fermi 
edge which was observed from IPES results and the broadening of HOMO by UPS confirm 
the existence of F-LUMO. 
For Co substrate, the interface properties change dramatically. The charge does not 
flow into LUMO instead goes to the Co 3d derived SUMO, which forms hybridization states 
with Co substrate. Both C K-edge and N K-edge NEXAFS spectra confirm the absence of F-
LUMO, as well as the absence of a charge transfer involvement with pyrrole rings and 
benzene rings. Instead, the UPS results reveal an interfacial state near Fermi edge, this 
interfacial state will further drag down the LUMO of CoPc at the interface of CoPc/Co, which 
is an increasing binding energy of LUMO, observed by IPES at the interface of CoPc/Co. 
The interface properties cannot only be tuned by contact with different substrates 
(Co and Ni), but also by changing the central atom of the molecules (CoPc vs FePc).  
For the FePc/Co system, the suppression of the π*-orbital features in the C 1s and N 
1s NEXAFS spectra at the initial stage of deposition indicates a charge transfer from the Co 
substrate to the pyrrole rings of the molecule. While the little modification of the lineshapes 
for Fe L-edge spectra indicate that the central Fe atom has little influence regarding the 
charge transfer process.  
Thus, the central atoms of the phthalocyanine molecules and the substrates both 
play an important role in mediating the charge transfer and hybrid interface states at the 
interfaces. 
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4. Organic-Organic Interfaces 
The interfaces between organic-metal have been studied with a great deal of interest 
as it is crucial for the injection barriers of holes and electrons at electrodes in organic devices 
[25, 65-69]. On the other hand, due to the difficulties of addressing precisely the growth and 
morphology of organic multiple layers with nanometer level thickness, the interface physics 
between organic layers have not been understood sufficiently. However, multilayer organic 
electronic devices vastly outperform single layer organic devices [108]. For instance, the 
combination of organic materials can be selected for the proper compatible properties for 
diverse functions in organic electronic devices, including hole transport, electron transport, 
light absorption and emission, as well as long-term stability. The investigation on the 
 
Figure 3.3.1 Schematic energy-level diagram of (a) a typical OLED, hole (h+) and electron (e-) injection 
layers promote the respective charge carriers to accumulate in the emission layer where they form 
excitons, which recombine to emit light (hν). (b) a typical OPVC, excitons generated upon illumination 
are separated into free charge carriers a the centre organic heterojunctions and selectively extracted 
by the outer layers. The green arrows indicate the movement of electrons (e-) and holes (h+), 
respectively. 
 ________________________________________ 4. ORGANIC-ORGANIC INTERFACES 
- 57 - 
interfacial properties will be beneficial for understanding the working mechanisms and 
improving our device design principles. 
In general, organic heterojunctions have been used in OLEDs and OPVCs to improve 
device performance. In a typical double layered OLED structure, there are two types of 
charge injection contacts, electron injecting and hole injecting. And the emission layer where 
electrons and holes meet to form excitons are radiatively recombined (Figure 3.3.1 (a)). Low-
resistance electron injection contacts require that the cathode is closely aligned with the 
LUMO of the electron transport layer. Conversely, low-resistance hole injection requires that 
the anode acceptor level is closely matched with the hole transport layer’s HOMO level. Thus 
the organic heterojunction reduces the onset voltage and improves the illumination 
efficiency [109]. Organic heterojunctions have also been used to improve the power 
conversion efficiency of OPVC by an order of magnitude over single layer cells [108]. As 
shown in Figure 3.3.1 (b), instead of hole injecting and electron injecting electrodes, one 
often refers to hole collecting and electron collecting electrodes. A hole collecting electrode 
should have its donor level closely aligned with the organic’s HOMO level, and an electron 
collecting electrode should have its acceptor level closely aligned with the organic’s LUMO 
level to minimize energy losses. It is, therefore, clear that organic heterojunctions have an 
important role in the continued amendment and development of organic devices. 
In this chapter, we present the energy level alignment and charge transfer effects in 
two organic-organic interfaces systems which show promising application properties but 
have not been fully addressed by spectroscopic studies yet. Both of those two organic-
organic heterojunctions showed significant enhancement of the conductivities. In order to 
obtain a better understanding of the mechanisms behind the improvement of the 
conductivity, the interface properties including charge transfer and hybridization states are 
characterized by spectroscopic techniques. The first one is about VOPc/F16CuPc, where by 
inserting a thin layer of F16CuPc between Au substrate and VOPc, the conductivity of organic 
heterojunction has been significantly improved. This part of work has been carried out in 
collaboration with Dr. Feng Zhu (Material Systems for Nanoelectronics, TU Chemnitz), and 
aimed at a better understanding of the mechanism regarding high conductivity of 
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F16CuPc/VOPc heterosystem and thus its good performance as NO2 gas sensor. The second 
part of this chapter is devoted to the heterojunction of rubrene/F16CoPc. The interface 
charge transfer involving the central magnetic atom in F16CoPc will be discussed. This part of 
results was obtained in collaboration with the group of Prof. Dr. Martin Knupfer 
(Department Electronic and Optical Properties, IFW Dresden), particularly during the joint 
research stays at BESSY II. 
4.1 VOPc/F16CuPc/Au 
In this section, a gas sensor device of an organic nanopyramid structure consisting of 
VOPc sandwiched between two Au substrates will be presented. The VOPc molecules act as 
functional units to detect NO2, a buffer layer of F16CuPc was employed in between to reduce 
the contact resistance between the nanostructures and the electrodes. The reduction of 
contact resistance takes place due to gradual change of the potential between Au and VOPc, 
by the introduction of the intermediate F16CuPc layer. 
Organic semiconductor materials have become promising candidates for gas sensors 
as the reversible noncovalent bond interaction between organic semiconductors and gas 
molecules make them more suitable than inorganic materials for detecting toxic gas at room 
temperature [110]. For room temperature sensors, a thicker active layer has a stronger 
detectable conductivity signal but a slow response and recovery. In contrast, a thin active 
layer device has a better response and recovery, whereas, due to the low electron density in 
organic semiconductors, low conductivity makes the signal difficult to detect [111]. 
Therefore, for the thin active layer sensors, an improvement for the contact resistance 
between the organic structures and the electrodes is needed. 
Highly sensitive and selective NO2 sensors based on Pcs materials have been 
demonstrated previously [112]. In this work, VOPc is selected to construct the sensing 
channel owing to the redox process between Pcs and NO2 molecules, which makes VOPc 
highly sensitive to NO2 at room temperature [111, 113]. An Au/VOPc/Au nanocrystal diode 
was fabricated by rolled-up metal nanomembranes for the top electrodes contact to avoid 
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the harm of the integrity of the molecular structure and thus resulting in short circuits across 
the device [114]. For a contact between a phthalocyanine molecular film and an Au 
electrode, an interfacial dipole forms when the Fermi energy levels align across the junction. 
As a result, the energy barrier suppresses hole injection from the Au electrode to the VOPc 
[114]. This well-known problem can be solved by inserting a buffer layer between the 
electrode and the active layer. An n-type organic semiconductor, F16CuPc was chosen here 
as a buffer layer to improve the contact properties between VOPc and Au. 
The energy level alignment based on the sensor structure of Au/F16CuPc/VOPc was 
performed by combined UPS and IPES measurements. A variation of the thickness of both 
F16CuPc and VOPc was performed in order to find the proper level alignment for the whole 
heterostructure. Figure 4.1.1 and Figure 4.1.2 display the spectra evolution of VOPc on 
F16CuPc (VOPc/F16CuPc) interface on Au substrate as a function of molecular film thickness. 
The spectra plotted with yellow circles represent the clean Au substrate. The work function 
of clean Au was determined to be (4.9 ± 0.1) eV from the secondary electron cut-off edge. 
(Figure 4.1.1 (a)). Different from Co or Ni which only has a single feature close to the Fermi 
 
Figure 4.1.1 Thickness dependent UPS (a, b, c) and IPES (d) spectra of Au/F16CuPc/VOPc: (a) the 
secondary electron cut-off; (b) the valence band region overview; (c) the HOMO onset; (d) the LUMO 
onset. 
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edge, several well-defined features between 2 eV and 6 eV belonging to the strong d-band of 
Au appear in both UPS and IPES spectra (Figure 4.1.1 (b) and Figure 4.1.2) and result from all 
the crystallographic planes contributing to the spectra of polycrystalline samples [115]. The 
red and blue curves are 2 nm and 5 nm F16CuPc deposited on Au, respectively. The following  
spectra are VOPc on top of F16CuPc as a 
function of VOPc coverage. When the 
coverage of VOPc is more than 2 nm (green 
curve), features from F16CuPc layers are fully 
suppressed while VOPc become dominant. 
The dash lines in Figure 4.1.1 (c) and Figure 
4.1.2 are the guidelines for the shifting peak 
positions of HOMO and LUMO of VOPc, 
respectively. It is obvious that the HOMO of 
VOPc shifts gradually, up to 0.3 eV, towards 
higher binding energy with increasing film 
thicknesses (Figure 4.1.1(c)). At the same 
time, the LUMO position of VOPc gradually 
shift towards higher binding energy up to 0.3 
eV, that is a closer position to Fermi edge 
(Figure 4.1.2, dashed line as a guide for the eye), which is equal to the shift of HOMO. The 
synchronous shift of HOMO and LUMO leaves the transport band gap of VOPc constant with 
increasing film thickness. The resulting upward band bending (depictured and discussed later, 
in Figure 4.1.4 (a)) leads to so-called accumulation heterojunction which has been discussed 
in section 1.5. The level shift of the intermediate F16CuPc with VOPc deposition cannot be 
accurately determined, due to the quick signal attenuation of the F16CuPc features upon the 
deposition of VOPc film (Figure 4.1.1 and Figure 4.1.2). 
By combined UPS and IPES measurements, the transport band gaps of n-type F16CuPc 
and p-type VOPc are determined to be (1.2 ± 0.3) eV and (1.4 ± 0.3) eV, respectively, in good 
agreement with the literature [116, 117]. The accurate determination method of HOMO and 
 
Figure 4.1.2 Thickness dependent IPES spectra 
of VOPc/F16CuPc/Au 
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LUMO onset positions can be found in section 2.3.1. Figure 4.1.3 shows the changes in 
HOMO, LUMO, vacuum level, and thus in IE and EA, upon the VOPc/F16CuPc interface 
formation. The shadowed part is the VOPc region. An interface dipole of 0.4 eV was 
identified between F16CuPc and VOPc, which indicates a charge transfer at the interface. 
Upon deposition of VOPc, both HOMO, LUMO, and vacuum level are shifted in the same 
direction (Figure 4.1.3(a)), keeping the transport band gap, IE and EA nearly constant (Figure 
4.1.3(b)) and reflecting the band bending of energy levels of VOPc at the interface. 
 
Figure 4.1.3 (a) Energy of vacuum level (Ev), LUMO and HOMO onset positions for VOPc/F16CuPc/Au; 
(b) Evolution of ionization energy (IE), electron affinity (EA), transport band gap (Et) and interface 
dipole of VOPc/F16CuPc/Au. 
The summary of energy level alignment of F16CuPc/VOPc obtained from the UPS and 
IPES results are shown in Figure 4.1.4. According to UPS studies, the work function of VOPc 
(4.1 eV) is smaller than that of F16CuPc (4.7 eV), that is the electron energy in the F16CuPc 
layer is greater than in the VOPc layer. The electrostatic potential is, therefore, greater in the 
VOPc layer than that in the F16CuPc layer, and when the two semiconductors are brought 
into contact, electrons transfer from VOPc to F16CuPc can occur (Figure 4.1.4 (b)), while 
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holes migrate in the opposite direction. At equilibrium, the Fermi levels are aligned, which 
leads to electron accumulation in F16CuPc and hole accumulation in VOPc, as seen in Figure 
4.1.4 (a), an upward band bending was observed in the VOPc layer, thus the hole injection 
barrier for VOPc is reduced. The heterojunction thus produces a built-in electrical field, at 
the interface, caused by the charge transfer between VOPc and F16CuPc, which leads to an 
interface dipole [118]. In such heterostructures, hole injection barriers from the Au 
electrode into the VOPc are significantly reduced. 
 
Figure 4.1.4 Energy level diagram of VOPc/F16CuPc/Au. (a) Energy level diagram of VOPc/F16CuPc/Au 
heterojunctions obtained by combined UPS and IPES measurements. (b) Schematic diagram 
illustrating charge transfer in VOPc/F16CuPc heterojunction films. 
This reduction of hole injection barriers for VOPc will further improve the 
conductivity of the heterojunction. The current-voltage (I-V) measurements were performed 
by Dr. Feng Zhu et al.1 to characterize the fundamental electronic properties of an organic 
nanocrystal diode with and without F16CuPc buffer layer. The measurement was performed 
from -2 V to +2 V. As shown in Figure 4.1.5, the diode without the buffer layers shows much 
                                                     
1
 This part of work is in collaboration with Dr. Feng Zhu’s group, details about the sample preparations and I-V 
measurements can be found in their publication 114. Jalil, A.R., et al., Fully Integrated Organic 
Nanocrystal Diode as High Performance Room Temperature NO2 Sensor. Adv Mater, 2016. 28(15): p. 2971-7. 
 ________________________________________ 4. ORGANIC-ORGANIC INTERFACES 
- 63 - 
poorer conductivity compared with that of F16CuPc heterojunction layer, of which the 
difference can be as high as three 
orders of magnitude in current flow 
in the positive bias region. The result 
agrees with previous similar reports, 
where charge accumulation effect of 
heterojunctions between organic 
semiconductors was discovered in an 
investigation of the high conductivity 
of CuPc/F16CuPc [18, 119, 120]. It 
was shown that the accumulated 
electrons and holes in organic 
heterojunctions are free charges, 
driven by the electric field, which is 
distinguished to the ionized 
impurities, localized in space charge region for conventional inorganic p-n junction [119]. It 
should be noticed that for both organic diodes the I-V curves are not symmetric. The better 
transport ability under positive bias indicates that holes are preferably injected from the Au 
tube electrode tube into the organic layers (upper inset of Figure 4.1.5(a)). Our 
photoemission spectroscopy results confirm that the accumulation of excess free carriers 
and the resulting large band bending at the interface act as a highly conductive channel, 
which accounts for the good performance of the heterojunction of VOPc/F16CuPc. 
4.2 F16CoPc/rubrene/LSMO 
We showed in the previous chapter that the proper design of the interface between 
two organic semiconductors can result in significantly enhanced electrical conductivity, and 
in some cases, even metallic behavior was achieved [121]. Apart from the high conductivity 
across the organic heterojunction, another interesting example is that hybridization and 
 
Figure 4.1.5 Electric transport properties of organic 
nanocrystal diodes. (a) Schematic diagram of devices 
structure and current-voltage curve with/without 
F16CuPc buffer layers [114]. 
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charge transfer occurs at the heterojunction of MnPc (manganese phthalocyanine) and 
F16CoPc where this charge transfer is very local and essentially affects the transition metal 
atoms [67, 122]. It is important to highlight that the change of the transition metal charge 
state by hybridization and charge transfer in the molecules is connected to the change of the 
respective magnetic moment. Thus, this kind of heterojunctions can be regarded as 
fundamental representatives of a peculiar, potentially low-dimensional material class, where 
the interaction is intimately connected to a transfer of magnetic moment or spin, resulting in 
new physical properties [123]. Our collaborators within the TMS project, Dr. Yulia Krupskaya 
et al. (University of Geneva, Switzerland), recently reported on a heterojunction formed by 
rubrene (tetraphenyl tetracene) single crystal and F16CoPc film, where they demonstrated 
that this is a first step realizing charge transfer interfaces that combine both a large electrical 
conductivity and the  
presence of magnetic ions [124]. 
The figure showing the I-V measurements of a rubrene/F16CoPc interface and thus 
the enhanced interfacial conductivity of this heterostructure are reproduced from Ref. [124] 
as shown in Figure 4.2.1. Details about the sample preparations and measurements can be 
found in their publication [124]. Among diverse organic semiconductor materials, the 
Rubrene-based OFETs have shown the highest mobility [125]. The rubrene single crystals in 
the heterojunction showed a room temperature mobility between 12 and 20 cm2V-1s-1, in 
agreement with previous reports [126, 127]. The optical microscope image of the device 
under investigated is shown in Figure 4.2.1 (a). Figure 4.2.1 (b) shows the I-V curve of the 
rubrene/F16CoPc interface measured in vacuum using a multi-terminal device configuration 
and exhibiting linear characteristics. The measured conductance is many orders of 
magnitude larger than the conductance of the individual materials. The hall effect 
measurements performed on the same devices show that charge transport in the 
F16CoPc/rubrene interface is dominated by holes in rubrene crystals
2. The charge carrier 
                                                     
2
 The hall effect measurement can be found in the publication 124. Krupskaya, Y., et al., Charge Transfer, 
Band-Like Transport, and Magnetic Ions at F16CoPc/Rubrene Interfaces. Advanced Materials Interfaces, 2016. 
3(10).. 
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mobility in organic films is generally significantly lower than that in crystals, as for 
F16CoPc/rubrene interfaces, hole density (n = 1.6·10
13cm-2) and mobility (µ = 1.2 cm2V-1s-1) 
are determined from the Hall resistance and longitudinal resistivity. This hole density in 
F16CoPc/rubrene was declared to be the highest among all studied organic charge transfer 
interfaces except TTF-TCNQ [124]. 
In view of highly promising electrical characteristics of the F16CoPc/rubrene 
heterojunction and in order to get a deeper insight into the underlying charge transfer at 
interface, NEXAFS and XPS measurements on this system were performed. This study was 
done in collaboration with TMS partners from the Institute for solid state research (IFW 
Dresden), the group of Prof. Martin Knupfer3. The F16CoPc/rubrene bilayer was prepared on 
LSMO substrate due to promising potential of the latter in organic spintronic devices [29]. A 
                                                     
3
 The NEXAFS and XPS measurements were performed in BESSY II in collaboration with Florian Rückerl from 
Prof. Martin Knupfer’s group. 
 
Figure 4.2.1 (a) Optical microscope image of an F16CoPc/rubrene device. The rubrene single crystal is 
covered by a 70 nm F16CoPc film and contacted with conducting carbon paste. Contacts V1/V4 were 
used to source and drain current, contacts V2/V3 to measure the voltage and perform four-terminal 
resistance measurements, and contacts V2/V5 for Hall voltage measurements. (b) Room temperature 
I-V curve for the F16CoPc/rubrene device measured in four terminal configurations [124]. 
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5 nm rubrene film was deposited onto LSMO, followed by an F16CoPc film of different 
thicknesses ranging from 0.5 nm to 4 nm, in order to identify the features introduced by the 
interface region. 
We begin with analyzing our NEXAFS 
results in Figure 4.2.2, which shows the N 1s 
absorption spectra of F16CoPc/rubrene 
heterojunction with different F16CoPc layer 
thicknesses. The angle θ = 90° corresponds to 
normal and θ = 20° to the grazing incidence of 
the linearly polarized synchrotron light. Thus the 
angle θ gives the angle between incident light 
and the substrate plane, as defined in Figure 
2.3.3. The N 1s absorption spectra from F16CoPc 
reveal the similar lineshape with that of CoPc 
reported earlier [59, 122], which indicates that 
fluorination of CoPc to F16CoPc has little impact 
on the N atoms electronic states and their 
occupancy. The rather sharp peaks in the energy 
region between 398 and 405 eV can be assigned 
to transitions from the N 1s core level into 
unoccupied π* orbitals, which are oriented perpendicular to the molecular plane. The high 
energy structures above 405 eV are related to N 1s → σ* transitions. As shown in Figure 
4.2.24, the N 1s spectra of F16CoPc reveal a very strong polarization dependence at all film 
thicknesses. The absorption features related to transitions into π* states are strongest for 
normal incidence (green curves), while the opposite is observed for the transitions into σ* 
states (red curves). This represents clear evidence that at all the film thicknesses, the 
orientation of F16CoPc molecules is close to perpendicular to the rubrene surface. The 
                                                     
4
 The spectra are cutted between 415 eV to 419 eV due to the pronounced peak in this range which originates 
from LSMO substrates. 
 
Figure 4.2.2 N 1s excitation spectra of 
F16CoPc/rubrene with different F16CoPc film 
thicknesses. 
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previous study on the heterojunction of F16CoPc/MnPc on Au(100) substrate has shown that 
both F16CoPc and MnPc molecules are arranged parallel to the substrate surface [122]. The 
rather well-ordered standing orientation for F16CoPc on rubrene can be easily understood 
when one considers that rubrene is a non-planar molecule, which makes the surface of 
rubrene films unfavoured for additional lying molecules growth. 
Figure 4.2.3 depicts the Co 2p3/2 core 
level spectra for different F16CoPc film 
thicknesses in contact with rubrene. It can be 
seen that the lineshape of Co 2p3/2 spectrum 
changes dramatically between the nearly 
monolayer (0.5 nm) and bulk layer (4 nm). At 4 
nm of F16CoPc, the spectrum is fitted with a 
single asymmetric peak which represents Co(II) 
in the centre of F16CoPc. At low coverage, a new 
feature appears about 2.3 eV towards lower 
binding energy, which is still visible at 0.75 nm 
coverage with reduced intensity and completely 
disappeared at thicker molecular coverage. This 
observation is in good agreement with the same 
effects observed in XPS spectra for the interface 
between phthalocyanines and metal substrates 
[23, 82, 128]. In general, the line shape of Co 2p 
spectrum is determined by satellite features at 
higher binding energies arising from multiple 
splitting due to the interaction of unpaired electrons in the photoemission final state. 
Therefore, the change of the spectral shape in our case can be attributed (i) an electron 
transfer from rubrene, leading to a reduction of Co(II) ion to Co(I), (ii) by a redistribution of 
the d-electrons of the central Co atom, or both (i) and (ii) [82]. Nevertheless, in all cases, the 
results indicate that an electron is transferred from rubrene to the Co atom of F16CoPc. 
 
Figure 4.2.3 XPS spectra for the Co 2p3/2 core 
levels of F16CoPc as a function of the layer 
thickness on rubrene/LSMO. The Co spectra 
were normalized to the same height in order 
to highlight the changes in the line shape. 
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Since XAS probes transitions from 
occupied states into unoccupied states, 
information about the unoccupied electronic 
structure is accessible. Figure 4.2.4 shows the 
corresponding Co L3 edge absorption spectra 
recorded at two difference incidence angles 
with different F16CoPc film thicknesses on top 
of rubrene/LSMO. On the upper part of Figure 
4.2.4, the Co L3 edge absorption spectrum of 4 
nm F16CoPc layer on rubrene is depicted. We 
first assign the observed NEXAFS peaks. The 
absorption feature at about 778 eV, labeled as 
A and strongest for normal incidence light 
(black curve), is the transitions from the Co 2p 
levels into unoccupied 3𝑑𝑧2 states. Features B1 
and B2 at 780 and 782 eV which show maximal 
absorption for grazing incidence (red curve), 
are related to the excitation into Co 3𝑑𝑥2−𝑦2 orbitals [122]. The angle-dependence of the 
spectra intensity indicates to the preferred standing geometry for F16CoPc, in good 
agreement with N K-edge spectra results. The Co L3 edge absorption spectrum of the 
rubrene/F16CoPc heterojunction is radically different for a thin F16CoPc layer. The absorption 
features of B1 and B2 essentially disappear, while a new absorption maxima is observed 
around 780 eV, meantime, the intensity of peak A reduces dramatically. The significant 
reduced intensity of feature A supports the results from photoemission spectroscopy that a 
hybrid state5 is formed between rubrene and F16CoPc, which causes a partial filling of the Co 
3𝑑𝑧2 orbital of F16CoPc from rubrene, i.e., a reduction of the Co centre in the molecule. 
                                                     
5
 The valence region photoemission spectrum on F16CoPc/rubrene with a hybrid state was published in the 
paper 124. Krupskaya, Y., et al., Charge Transfer, Band-Like Transport, and Magnetic Ions at 
F16CoPc/Rubrene Interfaces. Advanced Materials Interfaces, 2016. 3(10). 
 
Figure 4.2.4 Co L3 edge absorption spectra for 
F16CoPc on rubrene with different thickness. 
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Similar effects were observed with the F16CoPc/MnPc heterojunction where a hybrid state is 
formed between the two types of phthalocyanines [122]. The absorption spectra of Co L3 
clearly evidence that the charge carriers originate from interfacial charge transfer involving 
magnetic ions, which will change the magnetic properties of F16CoPc [4]. The Co ions in the 
neutral and charged F16CoPc molecules coexist at the interface, where the Co ions have 
different electronic configurations and therefore different magnetic properties. In the 
neutral F16CoPc molecules, Co(II) ion has 3d
7 electronic configuration and a spin S = ½ , due to 
the charge transfer effect, the reduced Co(I) ion has the configuration 3d8 and S = 0. 
4.3 Summary 
Within this chapter, the energy level alignment and charge transfer effect at two 
representative organic-organic interfaces were characterized by combined UPS and IPES, as 
well as XPS and NEXAFS spectroscopy. 
The first studied organic heterojunction was between p-type VOPc layer and n-type 
F16CuPc layer, sandwiched between two Au electrodes, which was designed as a gas sensor 
device. Here, VOPc molecules act as the sensing channel and F16CuPc was used as a charge 
injection buffer layer where the conductivity of this heterojunction was significantly 
improved. Our combined UPS and IPES results revealed the mechanism of this increased 
conductivity, as compared to bare VOPc layer. A downward band bending for VOPc layer at 
the heterojunction of VOPc/F16CuPc was detected. Inserting a thin layer of F16CuPc in 
between Au substrate and VOPc, the holes injection barrier for VOPc is reduced as charge 
transfer goes from VOPc to F16CuPc while hole accumulated at VOPc layer. The results 
confirm that the accumulation of free carriers which resulting large band bending at the 
interface accounts for the high conductivity performance of the heterojunction, and makes 
the signal easier to detect. 
Another representative organic heterojunction studied here, F16CoPc/rubrene, shows 
a significantly enhanced electrical conductivity due to charge transfer from rubrene to 
F16CoPc. Our XPS and NEXAFS spectra established that exact route/mechanism of this charge 
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transfer – it occurs via the central Co atom in F16CoPc, resulting in a reduction of Co(II) to 
Co(I) and a partially filled Co 3d orbitals. The charge transfer involving magnetic ions and 
thus causing a change in their spin together with high conductivity organic interface make 
the system promising for spintronic devices. 
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5. Molecular Orientation 
As discussed in the introduction section 1.7, along with the energy level alignment, 
charge transfer, hybrid interface states at the interfaces, which play key roles in the 
performance of organic electronic devices, another important interface property is the 
molecular orientation. Especially, for π-conjugated molecules with highly ordered 
(anisotropic) stacking π-orbitals which are responsible for charge delocalization and the 
resulting high electron mobility. Thus, for OFETs, the standing configuration for the 
molecules is more favoured while in OPVCs lying configuration of the molecules is highly 
desirable (section 1.7). Consequently, significant efforts have been made in the investigation 
of the growth mechanisms of molecules on different substrates, aimed at controlling of 
molecular orientation. It has been established, for example, that by growing amorphous 
films of pentacene, a practically insulating film was produced, while for highly ordered 
molecular films, up to 6 orders of magnitude higher mobility can be reached at room 
temperature [33]. Other studies showed orientation dependent energy level alignment at 
the interfaces, where due to the ordered intramolecular dipoles, the IP for standing up CuPc 
being 0.40 eV lower than that of the lying-down molecules. For F16CuPc this difference was 
found to be even larger – 0.85 eV [129, 130]. Such high sensitivity of the electronic 
properties to the molecular orientation often hampers a direct comparison between data 
from different groups on charge transport and interface properties [131]. A comprehensive 
understanding of the mechanisms controlling the molecular orientation and growth mode 
will allow us to manipulate the energy level alignment and charge transfer efficiency to 
boost the performance of organic electronic devices. 
The mechanism of the organic film growth has been widely studied via the molecule 
deposition on a variety of substrates [32, 37, 38, 40, 132-134]. Especially for the family of Pcs 
which represents the class of low molecular weight organic molecules and one of the most 
promising candidates for the variety of applications, the role of the substrate roughness on 
molecular orientation was studied [37]. It was found, for example, that thin films of CuPc 
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(10-50 nm) grow almost parallel to the well-defined single crystalline Au(110), while the 
molecules are rather perpendicular (standing) with respect to the ill-defined surface of Au 
foil [42]. On the other hand, substitution of the (peripheral) hydrogens of the Pc molecule 
with different functional groups usually also deteriorates the molecular ordering, even on 
well-defined single crystalline surfaces [37]. 
In this chapter, our systematic study of the molecular orientation with respect to the 
influences from the substrates and the chemical substitution of the molecules will be 
summarized. The molecular orientations in this study were determined by NEXAFS which has 
become one of the standard tools for the investigation of the geometry of molecular 
adsorbates [50]. Due to the common carbon contamination of the beamline components 
which may hinder the detailed analysis of carbon edges of monolayer thin films [135], we 
focus on N K-edge spectra in this chapter. The first subchapter presents the thickness and 
substrate dependent CoPc molecular orientation. In the second subchapter, the influence of 
substitution of the central atom or peripheral chlorination on the molecular orientation will 
be discussed. 
5.1 Role of the Substrates 
Numerous studies on the growth of organic molecules have been carried out on 
single crystalline model substrates up to now [38, 49, 136, 137]. While these studies are of 
prime importance for the basic understanding of the growth of organic molecules, obtaining 
the same information for much less defined surfaces of technically relevant polycrystalline 
substrates needs separate investigations [42, 138, 139]. For example, it is known that on 
atomically flat substrates there are adsorption sites, which enable in most cases a lying 
adsorption geometry of the Pc molecules due to the strong interaction between substrate 
and molecules [37]. However, for the ill-defined substrate surface, it may result in 
disordered molecular growth or rather standing adsorption geometry [37, 42]. Motivated by 
the possible application of organic semiconductors in the field of spintronics, the 
polycrystalline substrates of LSMO and Co films (grown on Si) are chosen in this study. In this 
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subchapter, the orientation of CoPc as a function of film thickness will be presented for both 
Co and LSMO substrates. 
The surface roughness of Co and LSMO substrates were determined by AFM to be 0.2 
nm7 and 0.8 nm, respectively (Figure 2.1.1). The angle dependent N 1s NEXAFS spectra of the 
CoPc/Co and CoPc/LSMO film of various thicknesses were obtained at five incidence angles 
for precise determination of the average tilt angle of the molecules (see SI 2 and SI 3). For 
the sake of clarity, Figure 5.1.1 shows only two most distinct set of spectra, at grazing (θ = 
20°) and normal (θ= 90°) incidence angles, respectively. The spectra of the 0.6 nm CoPc/Co 
films show the very weak angle dependence of the intensity of N 1s → π* and N 1s → σ* 
resonances, where the spectra almost overlapping with each other, indicating a disordered 
molecules adsorption geometry (Figure 5.1.1 (a) bottom). Upon increase of the film 
                                                     
6
 The spectra for CoPc/LSMO are cut between 415 eV to 419 eV due to the pronounced peak in this range 
which originates from LSMO substrates. 
7
 The Co film surface roughness is assumed to be the same as Ni film as the conditions for preparing the 
substrates are the same. 
 
Figure 5.1.1 NEXAFS N K-edge spectra of (a) CoPc/Co and (b) CoPc/LSMO6 with 0.6 nm and 6.0 nm 
film thicknesses recorded at 90° and 20° beam incidence angles, respectively. 
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thickness, a distinct change of the intensity ratio is observed. The absorption features 
related to transitions into π* states become stronger for normal incidence, indicating a 
tendency towards standing molecules (Figure 5.1.1 (a)). In contrast, for CoPc/LSMO (Figure 
5.1.1 (b)), for both 0.6 and 6.0 nm films of π* intensity is higher at the normal incidence 
angle and the σ* at grazing incidence, indicating that molecules prefer to stand from the first 
layer up to the bulk thickness. This means that molecular orientation is to a minor extent 
affected by the LSMO substrate but is dominated by intermolecular interaction. 
Figure 5.1.2 (a) exemplifies the determination of the molecular orientation based on 
the NEXAFS spectra. The peak heights of the features (peak A and peak E) are marked with 
red and green circles, respectively. The intensity ratio of N 1s → π* (peak A) and N 1s → σ* 
(peak E) resonances from the experimental NEXAFS spectra are plotted as a function of 
incidence angles in Figure 5.1.2 (b) along with the fits according to equation (2.18)(dashed 
lines). The fitting of remaining N 1s NEXAFS spectra can be found in SI 2 and SI 3. The results 
 
Figure 5.1.2 (a) NEXAFS N K-edge for 6.0 nm CoPc/Co. The peak height of the features marked by red 
and green circles, corresponding to N 1s → π* and N 1s → σ* transitions, respectively, were employed 
in the molecular orientation calculations. The spectra are shifted vertically for clarity. The normalized 
intensity ratio of N 1s → π* and N 1s → σ* resonances in the NEXAFS spectra of (b) CoPc/Co, 
CoPc/LSMO with different film thicknesses as a function of incidence angle. The black dash lines are 
the fitting guidelines for molecular orientation of 57° and 70°, respectively. 
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of the calculation are also shown in Table 1. It is quite clear that with different substrates, 
the growth mode of CoPc changes dramatically. When CoPc deposited on Co substrate, the 
molecules grow almost disordered at low layer thickness (0.6 to 0.9 nm)8. At higher layer 
thickness, a preferential orientation builds up with an average tilt angle of 69°. In contrast, 
when CoPc are deposited on LSMO, an almost constant average tilt angle of about 69° is 
derived at all film thicknesses, the constant value, on the other hand, reveals the well-
ordered films at all thicknesses. 
The different growth model 
for CoPc on Co and LSMO can be 
explained by the different molecule-
substrate interactions and molecule-
molecule interactions in these two 
systems. We assume that the surface 
of LSMO is passivated by oxygen and 
leads to a weaker interaction 
between CoPc and LSMO, as 
compared to metallic Co substrate, 
and thus a "standing" adsorption geometry is induced by molecule-molecule interaction. The 
standing geometries of Pc on oxides was also observed for CuPc on ITO and SiO2 [42]. For 
CoPc/Co, the change from a disordered growth to a well-ordered growth after a few layers 
can be understood in terms of the competition between molecule-substrate and molecule-
molecule interactions as well. First of all, it should be noticed that at 6 nm film thickness, the 
average orientation of CoPc is the same compared with LSMO substrate (69° in both cases), 
this means at this stage of the “bulk” film, the substrates have no influence anymore. This 
observation is in agreement with literature results for Pcs and other molecules, with the 
thickness of “bulk” film reported for Pcs varying around 6nm [140, 141]. In thicker films, 
intermolecular interactions of CoPc determine the preferred standing geometry. In several 
                                                     
8
 For a completely disordered film, the idea orientation for the molecules should be 45°, here we consider the 
tilted angle close to 45° as disorder. 
Table 1 Calculated titled molecular angles from the 
fitting of the intensity ratio of π*/σ* for CoPc deposited 
on Co and LSMO, respectively with different molecular 
thicknesses. 
Film thickness Co substrate LSMO substrate 
0.6 nm CoPc (57 ± 3)° (69 ± 3)° 
0.9 nm CoPc (58 ± 3)° (67 ± 3)° 
6.0 nm CoPc (69 ± 3)° (69 ± 3)° 
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thin film systems, it was demonstrated that Pcs possess a high tendency for self-organization, 
which is in agreement with our observations [37]. On polycrystalline Co substrates, there are 
not enough well-defined sites available for adsorption of large organic molecules parallel to 
the substrate surface. Furthermore, the smallest CoPc film thickness used in our work, 0.6 
nm, corresponds to about two layers of CoPc, considering the intermolecular distance in α- 
and β-CoPc of 0.34 nm [142]. In view of a surface roughness of the Co surface being 
comparable with the lateral size of the molecule and of the fact that the strong interaction 
between Co substrate and CoPc is mostly limited to the first monolayer [37, 143], a partially 
random orientation for 0.6 nm film can be understood. The influence of the substrate is fully 
overcome by the intermolecular interaction in subsequent monolayers, resulting in 
pronounced orientation of the molecules and corresponding average tilt angle measured by 
NEXAFS. 
5.2 Role of Chemical Substitutions 
The energetics and geometry of the Pc molecule related to its modification by 
substituting the central metal atom or attachment of peripheral ligands may also 
significantly affect its orientation on the surface and the electronic properties of the 
corresponding interface due to altered molecule-molecule interactions [132, 143, 144]. In 
this section, we investigate the influence of different substituents on the orientation in thin 
Pc films. 
5.2.1 Altered central atom in Pc 
Although the substituents may influence the energetic position of the Pc molecular 
orbitals, the geometry of the molecule and thus the π* and σ* orbitals are almost unaffected 
Thus the contributions from atoms of the substituents to the intensity of N transitions are 
negligible due to the site selectivity of the XAS process [37]. We start with the altered central 
atom in Pc molecules deposited on the same substrate. Here CoPc and FePc are chosen for 
comparison, due to the fact that they have similar occupancy of the 3d metal state, where 
FePc has 3d6 configuration and CoPc with one electron more, has 3d7 configuration [99]. The 
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partial empty 3d states make such system promising from magnetic property modification 
through charge transfer and hybridization. 
The results of angle dependent N K-edge NEXAFS spectra of the CoPc/Co and FePc/Co 
film are shown in Figure 5.1.2 with two most distinct set of spectra, at grazing (θ = 20°) and 
normal (θ = 90°) incidence angles, respectively. For the calculation of molecular orientation, 
data at five incidence angles were used, as usually (see supplementary information SI 4). The 
spectra of the 0.6 nm films show the very weak angle dependence of the intensity ratio of N 
1s → π* and N 1s → σ* resonances, indicating disordered molecules for both CoPc/Co and 
FePc/Co (Figure 5.2.1 bottom). Upon increase of the film thickness, a distinct change of the 
intensity ratio is observed. In particular, the absorption features related to transitions into 
π* states become stronger for normal incidence, indicating a tendency towards standing 
molecules for both CoPc and FePc (Figure 5.2.1 upper panel). A similar angular dependence 
was also observed for carbon K-edge (see SI 6 and SI 7). The results provide clear evidence 
that in both cases the Pc molecules are well ordered at larger film thicknesses, while 
disordered films occur near the interface in contact with the metal film. As discussed in 
 
Figure 5.2.1 NEXAFS N K-edge spectra of (a) CoPc/Co and (b) FePc/Co with 0.6 nm and 6.0 nm film 
thicknesses recorded at 90° and 20° beam incidence. 
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section 5.1, the transition from disordered to ordered molecules is due to the different ratio 
of molecule-substrate and molecule-molecule interaction changing with film thickness and 
also the roughness from the substrates. When increasing the molecular film thickness to 6 
nm the effect of the substrate will be damped (screened) and predominantly intermolecular 
interaction will determine the molecule orientation, leading to the well-ordered standing 
geometry of the average orientation. 
The intensity ratio of N 1s → 
π* and N 1s → σ* resonances for 
FePc/Co and CoPc/Co as a function of 
incidence angles are plotted in Figure 
5.2.2 for 0.6, 0.9, 2.0, and 6.0 nm film 
thicknesses. The outcoming results 
from the calculations are shown in 
Table 2. As can be seen from Figure 
5.2.2, the red and green symbols 
along with fitting curves (coloured 
dashed lines) represent the NEXAFS 
π*/σ* intensity ratios of CoPc/Co and 
FePc/Co, respectively. The black dash 
lines are the fitting guidelines for 
molecular orientation of 55° and 70°, 
respectively. One can infer from the 
graph that the average tilt angle α ranges from 55° to 70° for both molecules, with common 
dependence on the film thickness. Particularly, the molecular tilt angle increases from near 
55° for molecules close to the interface (0.6 and 0.9 nm films) up to almost 70° for 6.0 nm 
films. 
An orientational transition is known to occur either abruptly already at the second 
monolayer or gradually within a nominal film thickness ranging from several nanometers up 
to several tenths of nanometers [145, 146]. For the two systems studied here, we conclude 
 
Figure 5.2.2 The normalized intensity ratio of π* and σ* 
resonances in the NEXAFS spectra of CoPc/Co (red) and 
FePc/Co (green). The black dash lines are the fitting 
guidelines for molecular orientation of 55° and 70°, 
respectively. 
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that the average tilt angle is gradually changing with increasing film thickness, from 55° to 
70°. This gradual orientational 
transition can be explained by the 
preferentially-oriented diffusion 
(POD) model proposed in Ref. 
[32]. The surface order of 
molecular films deteriorates with 
increasing film thickness due to 
growth imperfection and thereby 
the directors (n-th layer on the 
film acts as the substrate for the 
(n+1)-th layer) gradually 
deteriorate and vanish. These 
observations demonstrate that CoPc and FePc molecules on Co substrate show the same 
molecular growth mode, where a gradual orientational transition occurs after 0.9 nm film 
thickness and reach the final tilted angles at 6.0 nm thickness. Along with this common trend, 
there is a slight difference in the tilt value between FePc and CoPc at each thickness which 
can be ascribed to the different strength of the intermolecular interactions in CoPc and FePc. 
5.2.2 Chlorinated Pc 
The electronic and magnetic properties of Pc can be tuned not only by changing the 
central metal atoms but also by attaching strong electron-withdrawing groups to the 
conjugated core to lower the molecular orbital energy levels. Up to now, the fluorinated Pcs 
have been widely studied, but there are rare reports about chlorinated Pcs [58, 122, 147-
149]. In fact, chlorination can also be used to lower molecular orbital energies effectively, 
even though chlorine (Cl) is less electronegative than fluorine (F). Furthermore, the 
chlorinated molecules were found to have a slightly smaller band gap and a lower LUMO 
level than the F containing molecules, due to the fact that Cl contains empty 3d orbitals that 
can accept π-electrons from the conjugated core, while F does not have energetically 
Table 2  Calculated titled molecular angles from the fitting of 
the intensity ratio of π*/σ* for CoPc and FePc deposited on 
Co, respectively with different thicknesses. 
Film thickness CoPc/Co FePc/Co 
0.6 nm (57 ± 3)° (58 ± 3)° 
0.9 nm (58 ± 3)° (59 ± 3)° 
2.0 nm (63 ± 3)° (61 ± 3)° 
6.0 nm (69 ± 3)° (66 ± 3)° 
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accessible empty orbitals for such delocalization, which makes the chlorinated molecules a 
promising candidate as n-type materials for organic devices [149]. 
Here the influence of octachlorination of CoPc (substitution of eight hydrogen atoms) 
on the molecular orientation will be discussed based on comparative results we obtained for 
CoPc and Cl8CoPc
9. Both CoPc and Cl8CoPc are grown on LSMO substrates. As discussed in 
section 5.1, due to the weak CoPc-LSMO interaction, the molecular orientation of CoPc on 
LSMO keeps nearly constant from thin to a thick layer, forming well-ordered films. The same 
set of film thicknesses was deposited for Cl8CoPc molecules and is compared to the results 
for CoPc in Figure 5.2.3. Again, five incidence angles are measured for precise determination 
of tilt angles, here we only show two, the rest data can be found in SI 5. First, the N K-edge 
absorption spectra for Cl8CoPc reveal a similar lineshape with that of CoPc, indicating the 
little impact of π* and σ* molecular orbitals by substituents. At 0.6 nm Cl8CoPc film thickness 
(Figure 5.2.3 (b)), the absorption features related to transitions into π* states are strongest 
                                                     
9
 The Cl8CoPc molecules were synthesized and provided by our collaborator Dr. Tobias Rüffer from the group of 
Prof. Dr. Heinrich Lang, institute of chemistry, TU Chemnitz.  
 
Figure 5.2.3 NEXAFS N K-edge spectra of (a) CoPc/LSMO and (b) Cl8CoPc/LSMO with 0.6 nm and 6.0 
nm film thicknesses recorded at normal (90°) and grazing (20°) beam incidence. 
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for normal incidence angle, but the feature of σ* is not the strongest at grazing incidence. 
This is not the case for CoPc/LSMO where a strong angle-dependent intensity for the π* and 
σ* features were observed. This fact points to a lower degree of ordering in thinnest (0.6 nm) 
Cl8CoPc film compared to CoPc. In addition, when going to thicker film thickness, the Cl8CoPc 
films become more disordered, as the features of π* show similar intensity at both normal 
and grazing incidence. 
The intensity ratio of N 1s → 
π* and N 1s → σ* resonances for 
CoPc/LSMO and Cl8CoPc/LSMO are 
plotted in Figure 5.2.4 which were 
recorded at five incidence angles. The 
black dash lines are the fitting 
guidelines for molecular orientation 
of 59° and 70°, respectively. The red 
and blue dashed lines are the fitting 
lines applied with equation (2.18) 
based on the experimental intensity 
ratio for π*/σ*. The outcoming 
results of fitting are also summarized 
in Table 3. At 0.6 and 0.9 nm Cl8CoPc, 
the fitting lines overlap with each 
other, indicating a same molecular 
orientation at both thicknesses. The calculated tilt angle was determined to be 63°, which is 
slightly lower than that of CoPc at this thickness. At 6.0 nm thickness, the fitting line of 
Cl8CoPc stays near 59°, getting closer to the ideal disordered value (45°) compared with the 
value at the interface (63°). 
It is clear that CoPc and Cl8CoPc molecules show different growth mode on the same 
LSMO substrate. As discussed earlier, due to the weak interaction between CoPc and LSMO 
substrate, and together with the self-organization, CoPc molecules grow in the same manner 
 
Figure 5.2.4 The normalized intensity ratio of π* and σ* 
resonances in the NEXAFS spectra of CoPc/LSMO (red) 
and Cl8CoPc/LSMO (blue) as a function of incidence 
angle. The black dash lines are the fitting guidelines for 
molecular orientation of 59° and 70°, respectively. 
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when going from the interface to bulk ( the tendency for standing), forming well-ordered 
films at all thicknesses. For Cl8CoPc/LSMO, however, a changing of molecular orientation 
from ordered film to disordered film occurs above 0.9 nm film thickness. Similar 
orientational transitions have also been observed for some other modified (substituted) Pc  
molecules, such as (But)8PcZn on 
GeS(001) and (t-But)4PcMg on 
Au(100) [132, 150]. Cl8CoPc 
molecules with relatively small, but 
sterically demanding Cl substituents, 
obviously strongly affect the strength 
of the intermolecular π-π 
interactions compared with 
unsubstituted CoPc. Furthermore, 
the interaction between Cl8CoPc and 
LSMO also changes. Our results show that by adding Cl atoms to CoPc, the interaction 
between molecules and LSMO has been enhanced, as evidenced for the relatively smaller 
titled angles of Cl8CoPc (around 63°) compare with CoPc ( around 69°) at the interface. In 
addition, Cl atoms may also increase the distance between the molecules and thus weaken 
intermolecular interactions. The roughness may originate from the substrate surface itself or 
from disordered intermediate layers on the substrates. The relative disordered Cl8CoPc 
molecules at the interface act as the substrate for the up layer thus disordered film occurs at 
higher thickness. 
5.3 Summary 
The molecular orientation of Pc-based model organic molecules on polycrystalline, 
technically relevant substrates with the main focus on the role of the substrates and 
chemical substitutions are studied by NEXAFS. 
Table 3  Calculated titled molecular angles from the 
fitting of the intensity ratio of π*/σ* for CoPc and 
Cl8CoPc deposited on LSMO, respectively with different 
thicknesses. 
Film thickness CoPc/LSMO Cl8CoPc/LSMO 
0.6 nm (69 ± 3)° (63 ± 3)° 
0.9 nm (67 ± 3)° (63 ± 3)° 
6.0 nm (69 ± 3)° (59 ± 3)° 
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The different growth modes of Pcs on various substrates and the substituted Pcs can 
be understood in terms of different molecule-substrate and molecule-molecule interactions. 
Due to the weak interaction between CoPc and LSMO, and strong π-π interaction 
between CoPc molecules, the well-ordered standing geometry of CoPc films is formed on 
LSMO substrate. 
By Cl substitution of CoPc, the growth mode and molecular orientation drastically 
changed. A changing of molecular orientation from order to disorder occurred after a few 
layers of Cl8CoPc. Chlorination of Pc seems to reduce the π-π interaction between molecules 
and slightly increase the interaction between Cl8CoPc molecules and LSMO substrate, 
leading to a disordered geometry for the bulk molecules. 
On the other hand, an orientational transition from disordered to ordered films is 
observed for CoPc on Co film. The competition between CoPc-Co interaction and CoPc-CoPc 
interaction, in addition to the relatively ill-defined surface, makes CoPc molecules first grow 
with a rather disordered geometry. When the molecular films are thick enough, the 
influence from the substrate can be neglected and well-ordered films appear. 
Different from the strong influence of molecular orientation by attaching peripheral 
ligands, by altering the central atom of Pc, does not change much of the growth mode, 
where both CoPc and FePc molecules reveal a gradual molecular orientation transition. 
However, the central atoms do differ the molecule-molecule interaction as slightly different 
molecular tilted angles are observed at each film thicknesses between CoPc and FePc. 
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6. Conclusions 
In this work, the properties of organic-metal and organic-organic interfaces regarding 
energy level alignment, charge transfer effects, hybridization states, molecular orientation 
are investigated by spectroscopic techniques including UPS, IPES, XPS, and NEXAFS. 
Motivated by the potential use in the field of organic electronic devices, especially in 
spintronics, phthalocyanine molecules combined with polycrystalline metal or oxide 
substrates are chosen in this study. The finding of this work can be divided into three parts: 
organic-metal interface, organic-organic interface, and molecular orientation. We summarize 
the most important results in the following. 
As for organic-metal interfaces, the results demonstrate that the central atom of 
phthalocyanines and the substrates both play a key role in manipulating the interactions at 
the interface. From the comparison between CoPc/Ni and CoPc/Co, we found that a partial 
charge transfer from Ni substrate to the CoPc molecules occurs, due to Jahn-Teller effect, 
the LUMO of CoPc is splitting into a still empty LUMO and a partially filled F-LUMO. On the 
other hand, when CoPc molecules contact with Co substrate, the charge does not flow into 
LUMO but instead flow to Co 3d orbitals and form hybridization state with Co substrate at 
the interface. For the comparison between CoPc/Co and FePc/Co, the central atom Fe was 
not involved in charge transfer, instead, the charge transfer goes to the pyrrole rings of FePc 
molecules. These different charge transfer effects between molecules and metal substrates 
can result in drastically different performances of the organic devices, as the involvement of 
3d orbitals of Pcs can further change the magnetic properties at the interface (CoPc/Co), and 
the F-LUMO which located near Fermi edge reduces the electron injection barriers (CoPc/Ni), 
also charge transfer through π-channel guarantees the delocalization of the electron and 
thus considerable mobility (FePc/Co). 
As for organic-organic interfaces, two organic heterojunctions are studied with 
respect to the applications. The first one VOPc/F16CuPc/Au was designed as a gas sensor 
device. VOPc molecules act as sensing channel and F16CuPc act as a charge injection buffer 
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layer where the conductivity of this heterojunction was significantly improved. The upward 
band bending of VOPc layers at the heterojunction confirms that charge transfer goes from 
VOPc to F16CuPc while hole accumulated at VOPc layer. The free charge carriers account for 
the high conductivity performance of the heterojunction. The second organic heterojunction 
is F16CoPc/rubrene which was initially designed as an OFET structure. A combination of a 
significant enhancement of electrical conductivity and charge transfer involved central 
magnetic atom are observed. Our results demonstrate that the charge transfer occurs via 
the central Co atom in F16CoPc, resulting in a reduction of Co(II) to Co(I) and partially filled Co 
3d orbitals. 
Finally, the molecular orientation influenced by the substrates and the chemical 
substitutions of the molecules was systematically studied by NEXAFS. The different growth 
modes and molecular orientations of Pcs in this study can be understood in terms of 
different ratios between the molecule-substrate interaction and molecule-molecule 
interaction. Due to the weak interaction of CoPc-LSMO and strong CoPc-CoPc interaction, 
the well-ordered standing geometry of CoPc films was formed. However, an orientational 
transition from ordered films to disordered films after a few layers was observed in the case 
of Cl8CoPc/LSMO, due to the stronger interaction of Cl8CoPc-LSMO and weaker 
intermolecular interactions of Cl8CoPc. When in the CoPc/LSMO system the substrate is 
replaced by polycrystalline metal Co film, a gradual molecular orientation transition occurs 
from disordered films at first monolayers to well-ordered standing geometry in bulk films. 
The disordered films at the interface can be explained by first the ill-defined substrate 
surface and by competition between CoPc-Co substrate interaction and CoPc-CoPc 
intermolecular interactions. Altering the central atom of Pc from Co to Fe did not cause a 
change in the growth mode, but slightly different tilted molecular angle at each thickness, 
which can be attributed to the difference in intermolecular interaction caused by central 
metal atom. 
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